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A Word 


from the 
Editors... 


This book is produced to introduce vou to the kind of service 
you can expect from your monthly issues of POWER. We sincerely 
hope you find it valuable. 


If you have been familiar with POWER over the vears you will 
undoubtedly recognize the “Special Report” techniques in the 
eight sections of this manual. If vou are not familiar with 

them we want to emphasize that all of them appeared originally 
in POWER. In fact the “Special Report” has become a POWER 
trademark. Every year you can expect four more similar articles 
in POWER to add to your growing library. In October of each 
year you will also receive POWER’s Plant Design Issue which 
contains the latest thinking of engineers across the nation and surveys 
of new plant design trends to help you upgrade your own thinking 
and make sure your plant’s operation is up to date. 


But more important perhaps is the value crammed into every 
corner of every issue of POWER. We editors travel thousands 

of miles every year to search out the latest and best for you. 
There’s gold in every issue if you will but take the time to look 

for it. From the technical articles on new design trends to the 
practical ideas and new equipment news there’s a wealth of 
information here for the taking. Proper use (which means regular 
reading and filing) of POWER can pay off many times over in 
increased plant efficiency and better personal income. 


We urge you to form the POWER habit—to glance at every item, 
including especially the advertising pages. And we also urge 
you to consider POWER as your property. If you have a problem 
or a suggestion, let us hear from you. We love compliments but 
we also welcome constructive criticism. 
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AIR CONDITIONING 


Air conditioning is an engineering service that pays 
for itself by (1) improving comfort (2) increasing 
worker efficiency (3) bettering industrial processes. 
It does its job by providing the ideal climate for the 
particular circumstances. 

What makes an ideal climate depends on who wants 
it and why. In industrial work the specifications set 
up are apt to be as individual as the products manu- 
factured. For instance, electrical insulaticn makers 
want high temperature and low relative humidity, 
while for some textile operations high humidity is the 
prime need. And so it goes. 

How about comfort air conditioning? No two people 
are exactly alike in what they consider comfortable 
conditions, By extensive testing, however, certain com- 
binations of temperature, humidity and air movement 
have been proved comfortable to most people. It also 
turns out that these factors are to some extent equiv- 
alent or interchangeable. Thus it has been possible to 
arrive at an index of comfort — known as effective 
temperature — which combines these three factors. 
Properly interpreted, this serves as a guide in setting 
comfort conditions. 

For either industrial or comfort conditioning, means 
are available for altering the properties of air to those 
desired. This may involve cleaning, heating or cooling, 


humidifying or dehumidifying, and controlling distri- 
bution of air. How many of these basic operations are 
involved depends on the goal in mind. Comfort con- 
ditioning frequently requires all of them; industrial 
conditioning, as we have seen, may emphasize one or 
two phases. 

As a major service in many plants and buildings, 
air conditioning represents another of the power en- 
gineer’s manifold responsibilities. Much of the equip- 
ment used is familiar from heating, ventilating and 
refrigeration practice, while some is unique to the air- 
conditioning job. Most important of all, successful air 
conditioning depends on a knowledge of the properties 
of air and how they may be juggled to bring about 
desired results. 

Thus this special section, Power’s 75th, gives a 
simplified presentation of first principles, plus a broad 
picture of the tools that put these principles to work. 
Emphasis naturally falls on equipment specifically 
developed for air conditioning, with a passing glance 
at familiar devices that also play a part in the ‘c= 
The story is then buttoned up by showing how these 
elements are combined to meet the needs of anv giver 
application. The whole forms a practical primer i: 
a power service of evergrowing importante in Ji- 
trial plants, buildings and instituticns 


What You Need to Know 


Behind the application of air conditioning lies an under- 
standing of what air is and how it behaves. Pure dry air is, 
we know, a mixture of oxygen and nitrogen. It also contains 
small amounts of rare gases, such as argon, but we can 
forget them. Air as we find it all around us, however, contains 
moisture in varying amounts. Thus the stuff we deal with 
in conditioning can be regarded as a mixture of air and 
steam. 

How come we get steam at atmospheric pressure and 
low temperatures? The answer is that while the mixture is at 
atmospheric pressure, the water vapor isn’t. It is actually 
at extremely low pressure. And since we know that the 
temperature at which water boils or vaporizes gets lower 
as pressure goes down, we can see that at these extremely 
low pressures water will exist in the form of steam even at 
ordinary temperatures, say 70 F. 

Partial Pressures. These low pressures come about be- 
cause, if we mix any two gases in a given space, each acts 
pressure-wise as if the other didn’t exist. Each is under the 
‘pressure it would have if it occupied the space by itself. 
Pressure of the mixture is the sum of the two partial 
pressures. 

To see how this works let’s start with steam at 70 F. Its 
absolute pressure at that temperature is 0.74 in. Hg. And 
0.0011 1b of it would fill one cu ft. Now if we add enough air 
to make one cu ft of mixture, what do we have? Total pres- 
sure, we know, will be atmospheric pressure, say 30 in. Hg. 
Then the partial pressure of the air must be 30 —0.74, or 
29.26 in. Hg. 

Steam Properties. Since the water vapor or steam always 
acts as if there were no air present, we can get a clearer 
picture of how moist-air mixtures behave if we review 
steam properties briefly. We remember that if we heat water 
at some given pressure, its temperature rises. Finally, we 
reach a point where the water boils or vaporizes. Tempera- 
ture holds steady at this point until all water has become 
steam. If we continue to add heat, steam temperature starts 
to rise and we have superheated steam. 

Now if we take away heat, we lower the temperature of 
the steam. This goes on until we reach the temperature at 
which the steam vaporized. If we still cool the steam, some 


den 


c? it condenses. This continues, at a constant temperature 


and as long as we take away heat, until all the steam is 


Baene 
stadensed back to the liquid. 

The important point to remember is that for any given 
oo re. there is one temperature at which steam starts 
$ caze or condense. This is known as saturation temper- 
¿ti~ It depends entirely on pressure, being lower at low 
mess s Furthermore, steam at any given pressure and 
LgTrz~i7 temperature has a certain density. 

it rinvenience. let's put down some of these figures in 
goo+tal range of interest: 


Iscrresponding absolute pressure Density 
Ter gerat z} saturated steam, in. Hg Ib/cu tt 
=. 0,258 0.0004 
RJ 0.36 0.0006 
a ae 0.0008 
p 17 0.0011 
* mies 0.0016 
» nee 0.0021 
y Cite? eo gle sore fruncdin the familiar tables 
2 Sa pied eran 
bow e mm se eg TLI init cf moist air at 


70 F and we find that it contains 0.0004 Ib of moisture. A 
glance at the little table above shows that at 70 F a cubic 
foot will hold 0.0011 lb of steam. Since we have less, the 
steam must be superheated, and the table tells us how much: 
70 — 40, or 30 F. 

Relative Humidity. We can see that our cubic foot holds 
less moisture than it could hold. The term relative humidity 
is a measure of this. Here we have 0.0004 lb when we could 
have 0.0011. Ratio is 4:11, or 36%. This is the relative hu- 
midity. Notice that it is based on volume—cubic feet of 
moist air. The term percentage humidity expresses the same 
general idea in terms of weight. It is the weight of moisture 
actually mixed with one lb of dry air, compared to the 
weight of moisture that could be mixed with one 1b of dry 
air at the same temperature. 

Dewpoint. Now let’s take our mixture, with 0.0004 Ib of 
moisture in a cubic foot, and cool it down. Referring to the 
table again, we see that if we cool it to 40 F, it will be 
holding all the moisture a cubic foot can hold at that tem- 
perature. It has 100% relative humidity. Such a mixture is 
called saturated. If we try to cool this mixture further, some 
of the steam will condense. Temperature at which this con- 
densation starts, in this case 40 F, is dewpoint temperature. 
As we can see, the dewpoint of any mixture of air and water 
vapor depends entirely on how much moisture is present. 
For example, a cubic foot containing 0.0006 lb of water 
vapor has a dewpoint of 50 F. 

Practical Application. Right here we can pause for a 
moment and see one of the ways this knowledge of air 
properties can be put to work. Suppose outside air is 80 F 
and we find it contains 0.0011 Ib of moisture per cu ft. This 
is about 69% relative humidity. Now let's say that we want 
to condition this air to 70 F and 50% relative humidity. 
Saturated air at 70 F would have 0.0011 lb of moisture; 
50% of this would be 0.0005, disregarding the next decimal 
place. Looking at the table, we see that if we cooled the air 
down to about 45 F, moisture would condense out until 
only 0.0005 Ib is left. Let’s drain off the condensate so it 
can’t get back into the air. Now if we reheat to 70 F, there 
is only a temperature change and no change in moisture 
content. Thus we wind up with 70-F air containing 0.0005 
lb of water vapor per cu ft, which corresponds to the 50% 
relative humidity wanted. This little example is typical of 
the kind of juggling with air properties that makes air 
conditioning possible. 

Wet-Buib Temperature. We can’t go around measuring the 
amount of moisture in each cubic foot of air we deal with. 
Fortunately we don’t have to — with a wet-bulb thermom- 
eter and a psychrometric chart we get the answers. We 
make the first of these gadgets by covering the bulb of an 
ordinary thermometer with wetted silk gauze and placing 
it in a moving air stream. Some of the water in the gauze 
will evaporate. Since vaporizing takes heat, it will come 
from the remaining water and its temperature will drop. How 
much depends on how dry the air is and its temperature. 
When things settle down, the thermometer reads wet-bulb 
temperature. This, with the dry-bulb temperature read on 
an ordinary thermometer, tells us how much moisture is in 
the air and other things we want to know about it. We con- 
sult a psychrometric chart to find our answers. 

Psychrometric Chart. Fortunately the properties of moist- 
air mixtures always follow the same rules, so we can figure 
them out once and for all and put them in the form of a 
chart. These can be plotted in several different ways but 
the basic principles are the same. 


About Air Properties 


Below is a typical chart in skeleton form and, alongside 
:t. cne with some of the lines filled in. This follows the form 
developed by Trane Co. As the skeleton shows, the chart 
:s a plot of percentage humidity (some charts use relative 
~iumidity), wet-bulb and dry-bulb temperature, and dew- 
coint. By use of auxiliary scales, as we'll see later, many 
peoene useful data can be obtained from the chart. And 

“seeing” how air properties change, the chart is valuable 
Decause we can trace on it the basic air-conditioning proc- 
esses. We'll do some of this tracing later. 


Percentage humidity 
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1 TYPICAL PSYCHROMETRIC CHART ELEMENTS 


Sling Psychrometer. Since wet- and dry-bulb temperatures 
can be measured readily, these are usually what we start 
with. For convenience, we can use a sling psychrometer. 
This consists of an ordinary thermometer and one with a 
wetted-gauze-covered bulb, mounted on a single bracket. 
This has a handle so the whole outfit can be whirled around 
rapidly to get the air movement past the wet bulb that we 
need. Both temperatures can then be read at the same time. 

Latent Heat. We’ve seen in passing that vaporizing water 
into steam requires adding heat, while condensing steam 
back into water requires taking heat away. It’s the same 
amount in each case and, for the low-temperature range 
we're interested in, it’s about 1050 Btu per Ib. This is called 
latent heat. 

Exact amount of latent heat varies with dewpoint. So 
now we can paste in our hats the twin facts that both latent 
heat per pound of vapor and maximum weight of vapor that 
can be associated with a given quantity of air depend on 
dewpoint alone. 

Sensible Heat. We've just seen that latent heat goes with 
a change from liquid to vapor, or from vapor to liquid. No 
temperature change is involved. But we know we have to 
add heat to raise temperature. This heat that goes to change 
temperature we call sensible heat (you can feel it). Amount 
of sensible heat depends on temperature and the specific 
heat of the substance. For dry air we can take specific heat 
as about 0.24 Btu per Ib. 

For convenience, sensible heat is measured above 0 F. So 
to figure sensible heat all we have to do is take the tempera- 
ture and multiply it by 0.24 and we get our answer in 
Btu per 1b. 

Total Heat. If we had dry air alone, sensible heat would 


be the total heat. If we had water vapor alone its total heat 
would be sensible heat plus latent heat. For usual air con- 
ditions, sensible heat of moisture is extremely small, so we 
can neglect it. Thus total heat of moist air may be taken as 
sensible heat of dry air plus latent heat of vapor, For all 
practical purposes, it can be said to depend only on wet- 
bulb temperature, just as sensible heat depends on dry 
bulb, and latent heat on dewpoint. A reminder: dry bulb, 
wet bulb, and dewpoint are the same for a saturated 
mixture. 

What Conditions? Before we take a look at some of the 
basic air-conditioning processes, let’s review briefly what 
we're shooting at. In industrial work, the nature of the 
process sets the conditions we want to reach. In comfort 
work, we use the effective temperature chart — mentioned 
before — as a guide. To the answers it gives we must apply 
judgment, because comfort is affected by many factors not 
covered by the chart. For example, how long we’re going to 
be in the conditioned space makes a difference, as well as 
the temperature outside the space. How active we are has 
a lot to do with it, also. And radiant-heat transmission from 
or to surrounding walls comes into the picture. Finally, we 
have to decide how much comfort we can afford to provide 
under a given set of circumstances. 

Heating Process. Now let’s take a bit of exercise with 
what we've learned about air properties by tracing some 
common air-conditioning processes on the psychrometric 
chart. To save space, we just show a section of the chart 
in each case; if you’ll turn back once in a while to the 
skeleton chart of Fig. 1, you’ll see the whole picture. 
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2 HEATING WITHOUT MOISTURE CHANGE 


Suppose we try heating first. We start with air at 60-F 
db (shorthand for dry bulb), 50-F wb and about 40-F dp. 
Pass this through a standard heating coil and what hap- 
pens? Fig. 2 shows the changes diagrammatically and on 
the psychrometric chart. Since we haven’t added or taker 
away any moisture, dewpoint doesn’t change. And tha: 
means that latent heat won’t change. We do increase the 
air’s sensible heat and dry-bulb temperature goes up. Tot 
heat goes up also, and so does the wet-bulb. Line 4-3 x 
the chart shows the change, as we move along a d 
constant dewpoint. For this case, we wind up wti K-F 
db and about 58-F wb. 

Cooling Process. As you might expect om 
verse, as long as we don't cool encue= iz 
densation. Let’s start with 90-F d= 7: 
(point A, Fig. 3). Lets coc] dram t: i: 
The wet bulb turns out tc e £1 F ax 
course, stays at 60 F. Wizy 
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3 COOLING WITHOUT MOISTURE CHANGE 


condenses out, the only change has been sensible cooling 
and dewpoint isn’t affected. 

Spray Humidifying. One way of adding moisture to air, or 
humiditying, is by passing it through water sprays. This is 
done in air washers, typical examples of which are shown 
on pp 83-85. Suppose we start with air at 91-F db, 67-F wb 
and 53-F dp, and water, at 67 F. Let’s further suppose that 
we recirculate the water, without either heating or cooling 
it. Being at the same temperature as the air wet-bulb, water 
temperature will not change. It can neither add nor remove 

‘heat from the air. Yet if we are to have evaporation, we 
must have a heat transfer. What happens is that the air’s 
sensible heat changes into latent heat. This supplies the heat 
needed for vaporizing some of the water. In the process, the 
air dry-bulb goes down. Total heat of the air does not change, 
merely the proportions of sensible and latent heat. 


4 COOLING AND HUMIDIFICATION SPRAYS 


Because the moisture content of the air changes, the dew- 
point rises. If there were time enough for the process to go 
to completion, and everything went perfectly, air would 
leave the washer saturated at the wet-bulb temperature. 
Thus the dry-bulb would drop to the wet-bulb, and the 
dewpoint would rise to it. Since no washer is perfect, these 
results are only approached in practice. What we have ac- 
complished is cooling (dry-bulb is reduced) and humidifi- 
cation (moisture content increased). 

Suppose the water temperature hadn’t been the same as 
the air’s wet-bulb? If it were recirculated without heating 
or cooling, it would soon reach the air’s wet-bulb tempera- 
ture and would then stay there. 

Heating, Humidifying. In winter, we might want to heat the 
air as well as humidify it. To do this, we’ve got to have 
water at a temperature above the air’s dry-bulb. We've also 
got to add heat to it continuously to keep the water from 
assuming the air’s wet-bulb temperature. We've just seen 
that this is what it would do if we just recirculated it. Fig. 
5 shows what happens. 

Air enters at 55-F db, 43.5-F wb and 30-F dp. (point A 
on the chart). Condition of the leaving air is shown at point 
B: 61.5-F db, 57-F wb and 54-F dp. We can see that this 
is not merely a shift of sensible and latent heats, as before. 
Wet-bulb has gone up, so total heat has gone up, too. Heat 
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5 HEATING AND HUMIDIFICATION SPRAYS 


added to the air to bring about this total heat change came 
from the spray water and that’s why we arranged to heat 
the spray water rather than merely recirculate it. 

Cooling, Dehumidification. Taking moisture out of air by 
passing it through water sprays sounds queer, but it works. 
The trick lies in keeping the water temperature below the 
air’s dewpoint. Fig. 6 shows what happéns. This time we 
put a cooler in the washer-water circuit to take away heat 
and hold temperature of the water below the air’s dewpoint. 
Air gives up enough heat to the water to drop its tempera- 
ture below the dewpoint and some of its moisture condenses 
out. Line AB shows what would happen if water tempera- 
ture could be held constant, with point C being the final 
water temperature: If spray-water temperature rises while 
it is in contact with the air, and it will, line AD represents 
a more practical case. As long as final temperature of the 
spray water is held below the air’s initial dewpoint, both 
cooling and dehumidification will occur. 
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6 COOLING AND DEHUMIDIFICATION SPRAYS 


Dehumidifying With Coils. Cooling and dehumidifying can 
be done with coils as well as with water sprays. Again the 
trick lies in keeping the coil temperature below the air’s 
initial dewpoint. Fig. 7 shows the process. We start with air 
at 80-F db, 67-F wb, and 60.3-F dp. The cooling coils pull 
these figures down to 55-F db, 54-F wb and 53.5 dp. You 
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7 COOLING AND DEHUMIDIFICATION COILS 


may wonder why the line for this process, AB, differs in 


shape from the line AD for washer dehumidification, Fig. 6. 
Here's the reason: with sprays, water temperature rises 
during the process, while with coils, temperature of the air 
film in contact with the coils, which sets airstream condi- 
tions, goes down as successive coil rows are passed. Where 
point B falls depends on coil design. 

Coils and Sprays. Some installations do heating and humid- 
ifying in separate steps, Fig. 8. Ahead of the washer we have 
tempering coils and after it we have reheating coils. Washer 
spray water is recirculated without heating or cooling. 

Air enters the tempering coils at point A on the chart. 
In the coils, it gains sensible heat without change of dew- 
point. In the washer, it is cooled along a line of constant 
wet-bulb, with no change in total heat; some of its sensible 
heat is converted to latent heat. We come out of the washer 
with air that is nearly saturated and at a dry-bulb tempera- 
ture that is lower than desired, even though it is higher than 
the entering air. We theri use the reheating coils to pull the 
dry-bulb to the desired level and correct the humidity to 
a proper level. We can see that for any given set of outside 
conditions and desired inside conditions, we can adjust the 
amount of heating in the two sets of coils accordingly. 


Tempering coils. 
s "9 Sorays 


Reheat coils 
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8 HEATING BY COILS, HUMIDIFYING SPRAYS 


Process on the psychrometric chart runs from A to B to 
C to E, Final dewpoint is really set by tempering coils. For 
example, if we raised temperature of the entering air further, 
to point F, temperature of the spray water will rise to meet 
the new wet-bulb. This changes the air condition leaving the 
washer to point G, a higher dewpoint. We then reheat to 
H, which gives the same final dry-bulb as before, but with 
a higher wet-bulb and higher relative humidity. 

Chemical Dehumidification. Certain materials, called sorb- 
ents, are used to take moisture out of air. (see pp 85-87 for 
data on materials and methods). Latent heat released by 
the condensing moisture adds to the air’s sensible heat and 
raises its dry-bulb temperature. We might expect this heat 
gain to be balanced by the latent-heat loss, with total heat 
and wet-bulb staying the same. It doesn’t — here’s why: 

Whatever sorbent is used, there’s a certain heat of absorp- 
tion associated with the process. Temperature of the sorbent 
goes up and so does that of the air in contact with it. The 
air experiences both a sensible and latent heat gain from 
this source. Where final temperature as well as humidity is 
important, it is customary to follow up the dehumidifier 
with a cooling coil. This brings final temperature down along 
a constant dewpoint line. 

Air Mixtures. In many air-conditioning systems, air re- 
turning from the conditioned space is mixed with incoming 
fresh air. It is thus important to know what happens when 
such a mixture takes place, and what the resulting condi- 
tion is. 

In the simplest case, Fig. 9, the conditions of one air are 
shown at point A, the other at B. Somewhere along a line 
drawn between them, at point C for example, we find the 
conditions of the mixture. Where point C falls depends on 
the percentage of each air in the mixture. If the mixture is 


a 50-50 one, point C will fall halfway between A and B. If 
the mix is % air A and % air B, point C will fall % of the 
way from A to B. This is what you would expect — it is 
natural that the conditions of the mixture would reflect the 
conditions of the largest component of it. 


[| 
Mixture Ns CK Y 
a | SIORI KON 
AVV KVL AX I N 
50 60 70 80 90 100 110 


Ç MIXING AIR AT DIFFERENT CONDITIONS 


Sensible-Heat Factor. In practical air-conditioning work, 
the designer’s problem is to select the supply air conditions 
that give the desired results in the conditioned space. Each 
such space presents a heat load of some kind — people, ma- 
chines, lights, solar heat on walls, etc. Supply air must be 
able to pick up the load and still produce the conditions 
wanted. 

Effect of picking up such loads is a gain in total heat of 
the supply air. Depending on the nature of the loads, this 
may come in the form of sensible-heat gain, latent-heat 
gain, or some combination of them. Ratio between the sensi- 
ble heat and the latent heat gain is thus extremely important. 

How It Works. To see why this is so, let’s assume that we’re 
delivering air to a conditioned space and that this air has, 
as a result of the conditioning method used, a relatively 
high moisture content. If the heat gain in the conditioned 
space is all sensible heat, we will probably wind up all right. 
Result of the heat gain will be a higher dry-bulb and lower 
relative humidity. 

But let’s assume it’s the other way around, and we have 
a high latent heat gain. We’ll wind up with room air that 
is saturated, or nearly so. It will certainly be uncomfortably 
humid. The answer, of course, lies in reheating the supply 
air before it reaches the conditioned space. This gives us a 
sensible-heat gain, pulls down the relative humidity, and 
puts the supply air in shape to handle the latent heat load 
of the space to be conditioned. 

Figuring Hect Gains. Handbooks give the information 
needed to estimate sensible- and latent-heat gains. When 
these are known, the procedure followed to arrive at desira- 
ble supply-air conditions depends largely on which type of 
psychrometric chart is used for calculations. Without going 
into detail, most of these methods result in locating on the 
chart a condition line. Each point on this line represents a 
combination of dry- and wet-bulb temperatures for the sup- 
ply air that meet the given heat-gain conditions. Important 
point is to select a combination that matches what the air- 
conditioning equipment is able to do. If the equipment se- 
lected cannot meet the supply-air conditions necessary, it 
must be modified, perhaps by addition of a reheating coil, 
or by some other change. 

In the foregoing, we’ve hit the high spots of air properties 
and how they can be changed. Following pages show equip- 
ment available for the job, and how these devices are com- 
bined into working systems to meet the needs of various 
types of installations. 
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VARIOUS FILTER MEDIUMS SERVE JOB NEEDS, INCLUDE “DRY” UNITS... 
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1 “Dry” filters act like fine-mesh screen to sift dust particles from air stream. Wool 


felt forms a common filtering medium; shown above is a design for easy cleaning 


Metal 
fame- 


Handle = 
Air flow 


Oil- coated- wire. 
filter medium:2 + 


VISCOUS - = IMPINGEMENT F 


: Fine screen 


ILTER 


2 In viscous filters air passes oily fibers, 
dust is caught on the sticky surfaces 


THESE CLEANING DEVICES HANDLE EXTREMELY FINE PARTICLES, ODORS 


5 Objectionable odors and vapors can be removed 6 
by activated-carbon units placed in ductwork 
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Electrostatic precipitators remove extremely fine dust particles, pol- 


len, and smoke. Viscous material on plates holds collected particles 


Here Are the Tools... 


To condition air completely, as we 
have seen, we must remove dust and 
other foreign matter, regulate temper- 
ature, control moisture content, and 
distribute air as needed. To this 4-part 
job we usually add another step—pro- 
viding basic sources of heat (a boiler, 
for example) and of cold (refrigeration 
machinery). For these five phases of 
the over-all job we have a considerable 
variety of equipment — some familiar 
from heating and ventilating practice, 
some specifically developed for air- 
conditioning work. In the following 
pages, we'l] take a look at typical ex- 
amples of this equipment, passing 
lightly over the familiar devices and 
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lingering longer on the specialized 
units applicable to this field. 


Cleaning 


Virtually all air-conditioning sys- 
tems bring in some fresh air to replace 
air allowed to leak out of the condi- 
tioned space. This outside air brings 
with it dust, pollen and other foreign 
matter. Furthermore, air that is re- 
circulated may pick up dust, cigarette 
smoke, odors, etc. Thus our cleaning 
job may include both fresh and re- 
circulated air, and removal of more or 
less tangible particles, such as dust, 
or microscopic particles of smoke or 


vapors. To some extent, then, the 
equipment used, and where it is placed 
in the system, depends on how much of 
this cleaning job we elect to do. 

Devices that screen out particles by 
mechanical means are usually called 
filters. The ideal filter would (1) take 
out all dust particles (100% efficiency) 
(2) offer no resistance to air flow, and 
(3) need no maintenance. Selecting a 
filter for any given job involves bal- 
ancing these several factors to best fit 
the particular conditions. 

Filters may be divided into two 
broad classes: (1) throwaway units in 
which the filtering medium is made 
cheaply enough to be disposed of when 


AND RECHARGEABLE CELLS USING 


VISCOUS-IMPINGEMENT PRINCIPLE 
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Filter medium for viscous units may be glass fiber, wire, 4 When a cell becomes dirty it is taken out of the bank, re- 


crimped metal, packed closely and coated with sticky oil 


CONTINUOUS SELF-WASHING FILTER DESIGNS 


it is dust laden, and (2) cleanable 
types, which can be reused. 

Dry Filters. Filters may also be clas- 
sified by the principle they operate on. 
So-called dry filters “strain out” dust 
particles by forcing air to flow through 
a screening material, such as tightly 
woven wool felt, gauze, cellulose, etc. 
For throwaway use, filtering medium 
is cheap and the frame or holder is 
cardboard or other inexpensive con- 
struction. Type illustrated in Fig. 1 is 
cleanable. It uses wool felt, arranged 
on a metal frame to make maximum 
surface available in small space. Such 
units can be vacuum cleaned, air 
blown, or dry cleaned. 

As a class, dry filters serve best for 
relatively small air flows and light 
dust loadings. They are highly efficient 
and, when clean, offer relatively little 
resistance to air flow. Resistance builds 
up rapidly, however, and dust-holding 
capacity is relatively small. Change in 
resistance usually indicates when filter 
should be replaced or cleaned. 

Viscous Filters. In these units, air 
flows between tightly packed fibers or 
surfaces (glass wool, wire, crimped 
metal, etc.) which are coated with a 
sticky oil. Dust particles impinge on 
the viscous surfaces and are held. In 
most designs, filtering material is 
packed tighter in the direction of air 
flow, so air passages become progres- 
sively smaller, Fig. 2. With light, cheap 
frames, viscous filters may be used and 
thrown away. With more permanent 
constructions they are designed for 
cleaning and re-use. A typical installa- 
xon consists of a bank of individual 
sters or “cells”, Fig. 4. Cells, may be 
cved from the bank one at a time 
repiaced with a spare. Dust-laden 
er elements may then be cleaned and 
recharged with oil for further service. 


placed with a spare. It can then be cleaned and recharged 


By moving filter elements through an oil bath they are continuously cleaned and 


recharged. Unit, right, 


Initial resistance of viscous filters 
runs slightly higher than for dry filters, 
but rises more slowly in service. Dust- 
holding capacity is greater. 

Self-Cleaning Filters. The viscous 
Principle is often employed in filters 


uses viscous-impingement principle; 


left, electrostatic 


that clean and recharge themselves 
continuously, Fig. 7. Filter elements, 
which may be like those in stationary 
units, Fig. 4, or may be perforated 
metal plates, are mounted on endless 
chain that moves intermittently. The 


VW 


Vaporizing refrigerant in direct-ex- 
pansion coil sabstracts heat from air 
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elements pass through an oil bath at 
the bottom of the unit. This cleans and 
recharges them. Such units offer a rel- 
atively constant resistance to air flow 
and require little maintenance except 
occasional scraping of sludge from the 
oil bath. Since cost of motor drive and 
control doesn’t decrease proportion- 
ately as size of unit goes down, these 
designs usually prove economical on 
larger installations. 

Electrostatics. Devices of Fig. 6 
make use of the fact that a dust par- 
ticle exposed to an electrical field as- 
sumes a charge and migrates to one 
of the electrodes. Pre-ionizing wires set 
up a high-tension field (around 12,000 
v) through which air flows. Precipita- 
tion takes placé in a lower-voltage sec- 
ondary field of positive and negative 
plates set parallel to flow. 

Usual design has plates coated with 
a viscous material to hold the attracted 
particles. When cleaning is needed, the 
unit is shut down, washed with water 
sprays and recoated. Electrostatic units 
are also built self-cleaning, Fig. 7. 

Electrostatic precipitators are highly 
efficient on extremely fine materials 
and remove smoke and other micro- 
scopic particles beyond the reach of 
mechanical filters. 

Odor Removal. Odors and objec- 
tionable vapors can be removed in sev- 
eral ways, adsorption being relatively 
common. Tubes or canisters filled with 
activated carbon are mounted in the 
ductwork with a filter ahead, Fig. 5. 
When the carbon has adsorbed up to 
about 20% of its own weight it must 
be reactivated. 

Dusts, water-soluble gases and va- 
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COOLING AND HEATING COILS MAY CARRY REFRIGERANT, WATER, OR... 


9 Thermal expension valve controls the 
refrigerant's evaporation in the coil 


pors may be removed by washing or 
scrubbing the air. Air washers serve as 
triple-threat units, being used also to 
control temperature and humidity. 
We'll take a look at them a little fur- 
ther along. Air scrubbers, as distin- 
guished from washers, may be employ- 
ed where it is desirable to reclaim dusts 
from air (industrial exhaust systems, 
for example). They consist of plate 
surfaces set in zigzag fashion with a 
water film running over them. Air must 
pass through narrow openings between 
scrubber surfaces. Solids left behind on 
them carry down to a settling basin out 
of the air stream. Such scrubbers also 
remove some gases and vapors. 


Heating, Cooling 


Temperature control in a summer 
air-conditioning system involves cool- 
ing, of course, and usually some “re- 
heating.” In year-round systems, the 
heating function becomes equally im- 
portant. Cooling medium may be chill- 
ed water, brine or refrigerant; heating 
medium may be steam, hot water, or, 
occasionally, refrigerant vapor. Heat 
transfer to and from the air stream 
may be indirect, by coils, or direct, by 
sprays, Fig. 12,or combinations. Spray 
scheme usually means an air washer, 
the triple-threat device mentioned be- 
fore. Because it buttons up three jobs, 
we'll discuss it later. 

Here we're concerned with coils, 
which make possible a closed and bal- 
anced heating or cooling circuit. Since 
there is no contact between the heating 
or cooling medium and the air stream, 
we have freedom of choice and can, 


10 This coil carries chilled water, a 
cooling medium used in many jobs 


under some conditions, use refrigerant 
liquids and gases for the job. Coils used 
purely for heating resemble closely 
those described in “Building Heating,” 
POWER, June 1949, pp 81, 82. Let’s take 
a look at coils for cooling. 

Direct Expansion. As permitted by 
local codes, certain refrigerants (Group 
I, American Standards Assn) can be 
used directly in the cooling job. In 
such direct-expansion coils, liquid re- 
frigerant vaporizes and in so doing 
extracts heat from the passing air 
stream. This forms a simple and eco- 
nomical arrangement, particularly in 
smaller systems. Bear in mind, how- 
ever, that these coils handle a volatile 
refrigerant, and so certain precautions 
must be observed. Coil should be uni- 
formly and effectively cooled through- 
out, and the compressor protected from 
entrained unevaporated refrigerant. 

There are two basic control methods 
for direct-expansion coils. The flooded 
coil (not widely used in air condition- 
ing) has a small surge tank. A float 
keeps liquid refrigerant at desired level 
in both coil and surge tank. Thermal- 
expansion valves, Fig. 9, are common- 
ly used. Such a valve feeds just enough 
liquid to the coil to hold refrigerant at 
coil’s suction outlet at about 6-10 F 
superheat. This is measured by a tem- 
perature bulb, which actuates the 
valve. It is usual practice to get this 
superheat within the coil so coil length 
is selected with this in mind. Every 
effort is made to hold pressure drop 
in the refrigerant circuit at practical 
levels. This may require more than one 
refrigerant feed per expansion valve. 
When several feeds are used, a dis- 
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STEAM; WATER SPRAYS MAY ALSO BE USED FOR THE COOLING JOB 
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ll Where solids in water may plug 
cojl, user may want clean-out type 


tributor divides refrigerant equally be- 
tween feeders. 

Chilled Water. More common prac- 
tice, particularly in larger installations, 
involves indirect cooling by means of 
chilled water. Refrigerant expansion 
and consequent cooling is done at a 
central point, and actual cooling of the 
air stream is handled in coils carrying 
chilled water. Because temperatures 
below 40 F are rarely needed, water 
can do the job; brine is seldom used. 

Since refrigerant expansion occurs 
outside the air stream, choice of re- 
frigerant becomes wider. Piping for 
chilled water being relatively easy to 
install, such systems prove flexible in 
layout, well suited to large jobs. 

Coil Construction. Chilled-water 
coils usually have nonferrous tubes, 
often with extended surface, Figs. 10, 
11. Extended surfaces may be staggered 
or in line with air flow. Plain tubes are 
used where frost might accumulate. 

Coil performance depends, among 
other things, on the way air flows over 
outside of tubes in relation to the way 
the heating or cooling medium flows 
inside them. Steam-heating coils, in 
which temperature within the tubes is 
practically uniform, are usually in- 
stalled for cross flow of air. With 
chilled water in the coils, however, 
counterflow (water flow opposite to air 
flow) is almost universal. This gives 
highest mean temperature difference 
for entering air and water temperatures. 

For much the same reason this 
scheme is used in coils fed with re- 
frigerant. The higher entering-air tem- 
peratures help superheat the leaving 
refrigerant gas. With deep coils, how- 
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1 A spray of cold water played across the path of the air stream can be used to 
cool it down; in addition it sets dewpoint for control of the air's humidity 


ever, the parallel-flow method (water 
flow in same direction as air flow) is 
used from the second row back. Circuit 
is completed by returning through the 
first row to get desired superheat from 
the higher air temperature there. 


Moisture Control 


Important in the air-conditioning 
job is control of moisture content. 
Adding moisture is called humidifica- 
tion, and taking it out, dehumidifica- 
tion. Sometimes only one or the other 
of these operations is involved, but in 
most air conditioning we want to hu- 
midify at times and dehumidify at 
others. The air washer serves this pur- 
pose in many systems, along with 
cleaning the air and heating or cooling 
it. Let’s look now at this multipurpose 
device and see how it works. 

Air Washers. In essence, an air 
washer consists of a casing with one 
or more spray banks through which 
air flows. Usually there is some sort 
of eliminator at the outlet end to re- 
move any entrained moisture from the 
leaving air. Spray water collects at the 
bottom. In passing through the sprays, 
air may be heated or cooled, humidified 
or dehumidified, depending on water 
temperature and the air’s dewpoint, 
wet-bulb and dry-bulb temperatures. 

As a starter on air-washer operation 
let’s assume we're going to recirculate 
the spray water. When air and spray 
water come in contact, a heat exchange 
takes place — air gives up some of its 
sensible heat to vaporize some of the 
water. Thus its dry-bulb temperature 
is lowered. And with an increase in 


moisture content, dewpoint tempera- 
ture rises. If those changes aren’t en- 
tirely clear, refresh your memory on 
air properties by turning back to the 
first part of this special section. 

At the beginning, water temperature 
changes also, rising toward the wet- 
bulb temperature of the air. After a 
short time, operation levels off and 
water temperature stays constant. 

Washer Effectiveness. If the air 
washer were perfect, here’s what would 
happen: wet-bulb temperature of the 
air would be unchanged, while dry- 
bulb would drop down to equal it, and 
dewpoint would rise to equal it. Water 
temperature would also level off at 
this point. Thus the air would have 
been cooled and humidified. 

Since the washer’s operation is not 
perfect, the dry-bulb and the dewpoint 
only approach the wet-bulb. How close 
this approach is may be used as a 
measure of the washer’s effectiveness. 
It depends on the unit’s general design 
and particularly on the number of 
spray banks. For a close approach two 
or more banks are needed. 

This recirculation-type of operation 
is useful, but it’s limited. By control- 
ling water temperature we can fix the 
air conditions the washer produces. 
This means either blending fresh water 
into the washer circuit or passing the 
recirculated water through a heating or 
cooling coil outside the washer. Since 
the operations we're going to talk 
about involve heat transfer from air to 
water or water to air, water tempera- 
ture will change during the process. 
What we're concerned with is the final 
water temperature; or the initial tem- 
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washer, gets moisture content set 


perature and flow needed to hold it. 

Washer Operations. Without going 
into detail, we can summarize possible 
washer operations as follows: (1) If 
final water temperature is held above 
entering-air dry-bulb temperature, we 
get both heating and humidification. 
(2) If we hold final water temperature 
below the entering-air dry-bulb, we get 
cooling and humidification. If water 
temperature stays below air wet-bulb, 
the same thing is true, and both dry- 
bulb and wet-bulb temperatures are 
lowered. (3) If we hold final water 
temperature below air’s dewpoint, we 
get cooling and dehumidification. 

Thus through the use of air washers 
we can exercise considerable control 
over the temperature and m. “ture 
content of the air. The necessary coa- 
trol of water temperature can be ef- 
fected in any one of three ways: (1) 
recirculating only part of the spray 
water and adding to it hot or cold wa- 
ter as needed (2) pumping the water 
through a heating or cooling coil out- 
side the washer, or (3) mounting a 
heating or cooling coil directly in the 

_ air-washer sump. In either (2) or (3) 
all water is recirculated. 

Washer Construction. A basic need 
in any air washer is intimate contact 
between air and water. In most wash- 
ers, Fig. 13-15, this is secured by break- 
ing up water into small droplets in 
spray nozzles, like Fig. 16. Number of 
banks of sprays depends on the effec- 
tiveness desired; for dehumidification, 
two or more spray banks are usually 
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installed. For good performance, air 
velocity through the washer chamber 
should be moderate (350-600 fpm), 
and there should be ample length of 
travel through spray zones. Effective 
moisture eliminators at the outlet end 
are essential. 

Another means of securing intimate 
contact between air and water lies in 
use of wetted surfaces. Washer of Fig. 
12 uses the capillary action of glass 
filaments to distribute thoroughly wa- 
ter sprayed across the surface. Air 
passing through the thoroughly soaked 
mass of glass fibers comes in close 
contact with the many wetted surfaces. 
This construction yields improved 
cleaning action, somewhat like that of 
a viscous filter. 

Surface Humidifiers. In small in- 
stallations and in room coolers, the 
pan-type humidifier may be used. 
Steam or electrically heated tubes in 
the bottom of the pan heat the water 
for vaporization. The air stream sweep- 
ing over the pan carries the moisture 
off with it. 

Direct Humidification. Increasing 
humidity by adding moisture to the air 
stream on its way to the conditioned 
space is called indirect humidification. 
It is usually employed where humidity 
control is part of an over-all condi- 
tioning problem, as in the usual com- 
fort system. In industrial applications, 
textile mills for example, a high rel- 
ative humidity may be what’s needed, 
with temperature control and ventila- 
tion only incidental. For such condi- 


Washer may have one or more spray banks, left. Supply header delivers water 
to risers and nozzles; spray saturates air so It nears wet-bulb temperature 


tions, direct humidification — adding 
water directly to the air in the condi- 
tioned space—is often economical. 

Nozzles for atomizing water so it 
can be readily converted to vapor by 
room heat may employ compressed air 
to aspirate water to the nozzle and 
atomize it, or may use air pressure in 
combination with water pressure. Such 
nozzles are located around the condi- 
tioned space. 

In so-called high-duty humidifiers, 
water at high pressure (about 150 psi) 
passes through an impact-type nozzle 
mounted in a cylindrical casing. A fan 
above the unit forces air through it. 
This air, cooled and charged with mois- 
ture, escapes from an opening below, 
at high velocity and in a nearly hori- 
zontal circle. A somewhat similar de- 
sign eliminates the fan. Aspirating ef- 
fect of the spray nozzle induces an air 
flow through the casing. This helps to 
distribute the spray. 

Working without compressed air, 
pumps or other auxiliaries, the centrif- 
ugal humidifier, Fig. 17, both generates 
and distributes the necessary fine 
spray. It is thus often called a self- 
contained humidifier. 

Dehumidifying. There are basically 
two ways to dehumidify air: (1) cool- 
ing, and (2) chemical adsorption. Let’s 
look at the cooling angle first. In talk- 
ing about air washers, we saw that if 
final water temperature held below the 
initial dewpoint of the air, we got both 
cooling and dehumidification. We can 
see that the same result could be pro- 


WATER SPRAYS SERVE FOR HUMIDIFYING AND DEHUMIDIFYING 
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16 Spray nozzles in risers discharge at 
from 114 to 2 gpm each into air 
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15 Air washers for dehumidification have at least two banks of sprays, Fig. 13. 1 Centrifugal humidifier delivers fine 
When used with direct-expansion cooling coil, spray water is all recirculated spray into the conditioned room 


duced if we cooled the air by heat 

transfer to a coil carrying chilled water MOISTURE MAY ALSO BE REDUCED BY SORBENTS 
or expanding refrigerant, as long as 
coil temperature is below dewpoint. 

Cooling coils designed for dehumid- 
ification should have finned surfaces 
separated enough so moisture condens- 
ing on them can roll off. Drip pans and 
drains should be provided for the con- 
densate. Since the air stream may pull 
condensed moisture off the coil sur- 
faces, there should be some form of 
moisture eliminator on the discharge. 

Whether a spray device, such as an 
air washer, or a cooling coil should be 
used for any given cooling and dehu- 
midifying job depends on a variety of 
factors. In general, washers find use in 
the larger central systems, while the 
compact coils are widely adopted in 
unit or packaged air conditioners, and 
in small systems. 

Dehydration. Dehumidifying, with- 
out removing heat at the same time, 
is sometimes called dehydration. In 
such an independent dehumidifying 
operation, latent heat in the entering 
air is converted into sensible heat in 
the leaving air. The job is done with 
sorbents, materials having the ability 
to extract and hold water vapor from 
surrounding air. Sorbents may be di- 
vided into two classes according to 
the way they behave in use: adsorbents 
cc not change chemically or physically 
in the process, while absorbents change 
zither physically, chemically, or both. ; 

Solid Sorbents. Typical adsorbents 18 Solid sorbents, in this case silica gel, remove water from air if vapor pres- 
272 sctiids — activated alumina, silica sure in sorbent is below that of air. One bed is reactivated while other works 
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THESE DEHUMIDIFIERS USE LIQUID SORBENTS TO REGULATE MOISTURE 
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19 Tower, left, fixes moisture content of conditioned air; 2 
at right; sorbent gives up water and is reconcentrated 
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gel, activated carbon, bauxite. These 
remove water from an air streám only 
if vapor pressure of the water in the 
adsorbent is less than the partial pres- 
sure of the water vapor in the sur- 
rounding air stream. In other words, 
the process is primarily one of con- 
densation. The latent heat of vapori- 
zation and heat of adsorption have to 
be taken away by the surroundings. 
Thus the air stream, the adsorbent it- 
self, and the adsorbent container, all 
increase in temperature. Eventually 
the sorbent temperature reaches a state 
of equilibrium and the material has to 
be reactivated — heated to drive off the 
adsorbed moisture and cooled down 
for re-use. 

Usual equipment for solid sorbents 
employs a single or dual bed depend- 


ing on how important it is to maintain 
continuous dehumidification. In small 
installations, and where a short-time 
outage for reactivation is not too im- 
portant, the single-bed units may be 
used. Fig. 18 illustrates a typical dual- 
bed arrangement for continuous opera- 
tion. Air enters through a bank of 
filters and reaches an adsorbent bed. 
While this bed is working the other is 
being reactivated — heated to about 
300 F. Heating may be done by steam 
coils, electricity, waste flue gas from 
gas or oil fires. 

Liquid Sorbents. Typical absorbents 
are liquids — solutions of the halogens 
(lithium-chloride, calcium-chloride and 
lithium-bromide) and the glycols 
(mostly ethylene, diethylene and tri- 
ethylene glycol). These solutions must 


CENTRIFUGAL FANS FIND WIDE APPLICATION 


21 Typical multiblade wheel 22 
for centrifugal fan unit 
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So called ‘plate’ construction may 
also be used for centrifugal wheels 


Inlet vanes iron out turbulence in > 
the air stream and decrease noise 


Moist air from 
ator to 


Pump draws sorbent from regenerator: about 85% goes 
to cooler, spray nozzles; rest is reheated, concentrated 


have concentrations such that their va- 
por pressure with respect to water is 
lower than that of the water vapor to 
be removed from the air. In the typical 
liquid-sorbent equipment, air passes 
through a tower into which the liquid 
sorbent is sprayed either in a fine mist 
or as a blanketing solution on the 
tower surfaces. Again, differences in 
partial pressure determine the absorp- 
tion. Soon a state of equilibrium is 
reached. The sorbent solution, the air, 
and the equipment increase in tem- 
perature as latent and chemical ab- 
sorption heats are taken,up. 

The warm, weak sorbent solution is 
first cooled. Then part is diverted for 
concentration. This is done by heating 
to a vapor pressure well above that of 
air blown over it; water in solution 


rincipal factor determining water ab- 
corption by liquid sorbents. Fig. 19 and 
2) show typical equipment for dehu- 
m:dification by use of liquid sorbents. 

Chemical dehumidification finds use 
primarily where moisture removal is 
the major consideration. Where sen- 
sitle as well as latent heat must be 
removed, chemical units may be com- 
zined with cooling equipment. Wheth- 
2: such a combination works out better 
zhan the conventional cooling-dehu- 
midification depends on a number of 
factors. Conditions favoring use of 
zhemical dehumidifiers are: (1) avail- 
ability of cheap cooling water for sen- 
s:ple heat removal (2) cost of gas or 
steam low in relation to cost of elec- 
tricity, and (3) load that is mostly 
‘atent heat. 


Air Distribution 


Having cleaned our air, and adjusted 
:ts moisture and temperature, our next 
-cb is to move it to the points where 
:t is to be used and to distribute it in 
the conditioned spaces in the proper 
amounts and without drafts. 

Air movement begins with fans. 
They develop the necessary pressure 
read to overcome resistance to air 
Sow. Then we have ducts — trunk ducts 
and branches — for guiding air to its 
destination. Finally we have outlets, 
zrilles, registers, diffusers for introduc- 
ing the air into the conditioned space. 

Fan Types. Air-conditioning fans 
may be divided into two groups: (1) 
the familiar centrifugal designs, whose 
Sow is essentially at right angles to the 
axis. and (2) axial designs, whose flow 
:s parallel to the axis. 

Typical centrifugal fan consists of a 
wheel with blades at its rim, the whole 


rotating within a housing shaped like 
a scroll. Shape and direction of the 
blades has a great deal to do with fan 
performance. There are three basic 
types: (1) forward-curved blades have 
the tip inclined in the direction of fan 
rotation (2) radial-curved blades have 
a straight, radial tip, and (3) back- 
ward-curved blades have tips inclined 
opposite the direction of rotation. 

Each of these blade shapes produces 
distinctive performance characteristics. 
The forward-curved blade is widely 
used in air-conditioning and ventila- 
tion because it: (1) is more compact 
for given air delivery and static pres- 
sure, and (2) operates at lower tip 
speed and is thus apt to be quieter. 
Backward-curved type operates at rel- 
atively high speed but has steep pres- 
sure curves and non-overloading pow- 
er characteristics. It is well adapted 
for direct motor drive and for systems 
in which demand fluctuates widely. 

In the form of the “propeller” fan, 
the axial type is familiar for applica- 
tions where pressure is relatively low. 
Recent designs of axial fans will deliver 
against pressures as hgh as 9 in. of 
water, making them suitable for work- 
ing with some duct systems. As a class, 
axial fans have high efficiency and 
non-overloading power characteristics. 
Because of the straight-through flow, 
they offer possibilities of ductwork 
simplification. 

System Load. When you put to- 
gether the necessary ductwork, heating 
and cooling coils, filters, etc that make 
up an air-conditioning system, you 
have set up a fan load that is highly 
individual to that system and to which 
the fan must be matched. The resist- 
ance a system offers varies nearly as 
the square of the air volume flowing 
through it. When you superimpose sys- 
tem and fan characteristic curves, op- 
eration is at point common to both. 


Ductwork. When it comes to sizing 
ductwork, it must be kept in mind that 
type of equipment as well as its pur- 
pose influences the air-transmission 
system. For instance, in some systems, 
air is moved at high velocities to save 
ductwork costs and space. In others, 
lower velocities may prove desirable. 

Ducts are usually made of galvan- 
ized steel, frequently a copper-bearing 
alloy for corrosion resistance. Insula- 
tion may be desirable on long runs 
and where heat pickup may be large. 
There are also prefabricated duct sec- 
tions of laminated asbestos, Fig. 27. 

Air Distribution. Securing proper 
distribution of air within a large room 
without creating drafts is difficult. Any 
air movement at a rate above 30 fpm 
in a room of seated people may seem 
uncomfortable to many. If the temper- 
ature and relative humidity are with- 
in comfort-zone limits, somewhat high- 
er velocities can be tolerated. And 
where people are moving about, ve- 
locities as high as 120 fpm can be used. 
Air can be withdrawn through grilles 
at up to 70 fpm without discomfort. 

Over and above precautions taken 
to prevent undue drafts is the desire 
to get even distribution despite the 
fact that incoming air may be different 
in temperature from the room air. 
Furthermore, some means of control- 
ling air quantity at room inlets may be 
desirable. Thus a considerable variety 
of grilles and diffusers are available, 
Fig. 28-31, incorporating features de- 
signed to solve these problems. 


Refrigeration 


In the foregoing, we have talked of 
heating and cooling operations without 
reference to the source of heat and 
“cold.” For heating, of course, we use 
some form of steam or hot-water boil- 
er. Such heat sources are covered in 


AXIAL FANS MAY SIMPLIFY INSTALLATION OF DUCTWORK IN FAN ROOMS 


24 This axial fan has adjustable inlet 
blades to compensate for resistance 


2 Large air volumes can be moved against relatively high resistance with axial 
fans; design shown above has motor built into the hub, relatively short blades 
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DUCTS DELIVER AND OUTLETS DISTRIBUTE AIR 


2 Ducts, commonly made of galvan- 
ized steel, may need insulation 
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29 An adjustable damper permits 
varying the volume of entering air 


27 Ducts may also be prefabricated of 
laminated asbestos, as shown above 
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28 Grille has deflecting vanes so any 
desired air pattern can be set up 


Power’s special sections “Steam Gen- 
eration” (Dec 1946) and “Fuels and 
Firing” (Dec 1948). Here we propose 
to concern ourselves briefly with 
sources of cooling, leaving detailed 
treatment to a future special section on 
refrigeration. 

Cooling Sources. In some cases, 
water may be available from natural 
sources (wells, for example) at tem- 
peratures low enough for use in an 
air-conditioning system. Where well 
water cannot do the job by itself, it 
may serve for part of the job — pre- 
cooling, for example. In most cases, 
cooling must be provided by refrigera- 
tion machinery. 

Most refrigeration systems depend 
on the fact that vaporizing a liquid 
requires a relatively large amount of 
heat and the further fact that the tem- 
perature at which vaporization (and 
the reverse operation, condensation) 
takes place depends on pressure. By 
juggling these factors, we can vaporize 
our refrigerant and extract heat at 
some low temperature, and can con- 
dense it back again at a higher tem- 
perature. This means that we can do 
the cooling needed for condensation 
with, for example, water at readily 
available temperatures — say 70-80 F. 

Compression Cycles. In the most 
familiar type of refrigeration, we use 
some form of mechanical compressor 
to make the pressure changes we need. 
In such a cycle, Fig. 32, we work with 
a refrigerant that boils or vaporizes at 
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30 Latest diffusers mount flush with 
ceiling, blend with the decorations 


Valve plate 
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Distribution Plate 
31 Valve plate and distribution space 
slow air down, smooth out the flow 


a relatively low temperature. Allowing 
this liquid to vaporize in an evaporat- 
or, or direct-expansion coil, extracts 
heat from the surroundings. We then 
take refrigerant gas at low pressure 
and compress it to a higher level — 
high enough so that water at some 
handy temperature, say 80 F, will con- 
dense it back to the liquid form. 

The exsential parts of a compression 
system are thus a compressor, a con- 
denser, a receiver for storing liquid re- 
frigerant, an expansion valve, and an 
evaporator or expansion coil. Com- 
pressors may be of reciprocating or 
centrifugal design, usually driven by 
motor, sometimes by a steam turbine 
or an internal-combustion engine. 
Condensers in modern plants are usu- 
ally of shell-and-tube construction. 
For capacities up to about 100 tons of 
refrigeration, so-called condensing units 
are available. These combine the com- 
pressor, condenser and receiver in a 
package, sometimes hermetically sealed. 

For reciprocating compressors, the 
most widely used refrigerant in air- 
conditioning work is Freon-12. Am- 
monia offers many thermodynamic 
and practical advantages and is used 
widely in industrial applications where 
economy is important and precautions 
can be taken against the hazards of 
ammonia’s toxic properties. Methyl 
chloride finds uses in smaller units. 
Carbon dioxide, while considered a 
“safe” refrigerant, is not often used to- 
day because the required high pres- 


sures mean heavy equipment and high 
power consumption. 

Centrifugal compressors, suited, in 
general, for lower opérating pressures, 
often use Freon-11, which has desirable 
pressure characteristics. 

Steam-Jet System. Although we do 
not usually think of it, water may be 
used as a refrigerant. It is, in itself, 
cheap, and completely safe. Because 
extremely low pressures (actually high 
vacuums) are needed, the usual appa- 
ratus employs steam ejectors. Fig. 33 
shows such a system. In the evapora- 
tor, which is under high vacuum, part 
of the water flashes into steam, cool- 
ing the rest of the water. To maintain 
the vacuum, ejectors draw off the va- 
porized water and entrained air and 
compress them to a higher absolute 
pressure. The compressed vapor and 
the “power” steam are then condensed. 
This condenser requires considerably 
more cooling water than the condenser 
for a conventional mechanical com- 
pression system, since it must remove 
the heat of the power steam as well 
as that liberated from the chilled water. 
Such systems find use where condenser 
water is plentiful and steam cheap. 

Absorption Systems. In these sys- 
tems, heat is used in place of mechan- 
ical work for changing refrigerant pres- 
sure. The compressor is replaced by 
three devices: an absorber, a pump 
and a generator, Fig. 34. After expan- 
sion in the evaporator, the refrigerant 
goes to the absorber and is taken up 
by a low-temperature absorbent fluid 
This solution is pumped to the genera- 
tor, where heat is supplied to drive off 
refrigerant as a gas. This is condensed 
to a liquid, as in a mechanical system, 
and goes to evaporator for expansion. 

Absorption systems of the past used 
ammonia as refrigerant, it being read- 
ily soluble in water. Other combina- 
tions have been employed, particularly 
in gas- or oil-fired domestic refrigera- 
tors. A recent development uses lith- 
ium-bromide salt and water, with 
water acting as the refrigerant. The 
boiling point of the salt, a solid at 
ordinary temperatures, is so high it 
behaves like a non-volatile substance. 
There is thus no vaporization of the 
absorbent in the generator and no car- 
ryover of the absorbent vapor to the 
condenser. The characteristics of the 
absorption cycle limit its usefulness to 
places where sources of heat and cool- 
ing water are plentiful and cheap. 

Ice Systems. Some installations, 
such as churches and theaters, have 
short operating hours and relatively 
high peak loads. Investment in mechan- 
ical refrigeration equipment would 
thus run high. In some such cases, ice 
proves the answer. A comparatively 
small quantity of ice in the water- 


VARIETY OF REFRIGERANTS AND REFRIGERATING SYSTEMS AVAILABLE 
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32 Diagram shows elements of famil- 
iar compression refrigeration cycle 


cooling tank of such an installation, 
Fig. 35, can release refrigeration at a 
rapid rate. 

Cooling Water. Virtually all refrig- 
eration systems require water for con- 
densers. For a fortunate few, natural 
water supplies — wells, rivers, lakes, etc. 
—are available. In many areas, how- 33 In steam-jet refrigeration system, water is really the refrigerant. Ejector 
ever, public water supplies must be establishes vacuum, causing part of water to vaporize; this chills the rest 
used. Both for reasons of cost and, in 
recent years, increasing shortness of 
supply because of skyrocketing de- 
mands, conservation is essential. This 
leads to use of some form of evapora- 
tive cooling, in which air does most 
of the work and water consumption is 
sharply cut. 

Cooling ponds and spray ponds are 
seldom used in air conditioning. Cool- 
ing towers and evaporative condens- 
ers prove the usual answer. In essence, 
a cooling tower consists of a casing 
which may be filled with spray or with 
a packing over which the water falls 
in thin films. The objective in either 
case is to bring about intimate contact 
between water and air passing through 
the tower. Evaporation of a small part 
of the water, say about 5%, cools the 
rest. Some towers are of the atmos- 
pheric type, using natural draft; most, 
however, employ mechanical draft, Absorption system of refrigeration uses a low-temperature liquid to absorb 
either forced or induced. This yields a 34 vapor from the evaporator; refrigerant is boiled off in the generator section 
more compact and efficient tower. The 
water to be cooled may be run through 
the tower, or may pass through a heat 
exchanger cooled by the tower water, 
which is recirculated. Larger towers 
are usually installed outdoors, fre- 
quently on building roofs. Smaller tow- 
ers are designed in some cases for 
indoor installation. 

The evaporative condenser consists 
of a steel casing housing coils over 
which a water spray falls. A fan forces 
air through the casing at high veloc- 
ities. Evaporation of part of the water 
removes heat from the fluid in the pipe 
coils. This may be condenser water but 
usually refrigerant gas itself passes 3 Cooling job can also be handled by melting ice. Melted ice and a controlied 
through the coils. quantity of spray water circulate through the cooling coils in the air stream 
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1 Central system using a remote apparatus room for all the load is high. Maintenance and inspection can be carried out 
elements involves low investment where air-conditioning with least disturbance to occupied zones; space costs little 


Double-bladed mixing damper in takeoff from two separate ducts, one carrying 
cold air and the other hot, blends air to give the desired room temperature 


For use with the control setup shown in Fig. 4, this central system supplies 
conditioned air at one temperature to one duct, at lower temperature to other 
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How to Fit Equipment to 


Up to now we've talked about the 
things that make air conditioning pos- 
sible — the properties of air and the 
tools available for putting these 
properties to work. We're now ready 
to button up the story by showing how 
the various elements may be combined 
to meet the needs of different jobs. 

Behind each choice of a combination 
is the question, “What arrangement 
gives the most economical answer?” 
In larger plants, some form of central 
system may pan out best; for smaller 
setups, there are packaged units and 
room conditioners. In some buildings, 
air conditioning combines with an ex- 
isting heating plant, with the heating 
equipment handling the “cold-wall” 
load of outside walls and windows. 
This so-called “split” system has also 
been used in a number of new build- 
ings, employing radiant heating in 
walls or ceilings. In a couple of current 
cases, radiant coils will carry some of 
the cooling as well as the heating load. 

Central Systems. In the true central 
system, all major equipment — filters, 
air washer, fans and refrigeration 
machinery — are centrally located, re- 
moved from the area to be conditioned. 
Ducts distribute conditioned air to the 
various occupied spaces. Advantages 
claimed for such a system include: 


CENTRAL PLANT DELIVERS CONDITIONED AIR THROUGH DUCT SYSTEM 
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? Central plant, above, shows all the conditioning. elements 3 Conditioned air from central system, below, is delivered 
needed for central air distribution except refrigeration to zones by separate ducts, with reheat or cooling coils 


the Job 


(1) It occupies space of relatively little 
value compared to conditioned areas. 
(2) Where the air conditioning load is 
fairly large, investment cost may be 
less than for other possible arrange- 
ments. (3) Maintenance and inspection 
are carried on with little disturbance 
in conditioned areas. (4) Exhaust air 
can be returned and partly reused with 
obvious savings in heating and refrig- 
eration. 

Major drawback to such a system is 
the space taken by ductwork, often 
:mpossible to secure in existing build- 
:ags. Ductwork is also expensive. This 
leads to modified forms of the central 
system. In the commonest of these, 
refrigeration and heating is handled 
centrally, and the cooling and heating 
mediums distributed to local condi- 
tioning equipment serving individual 
Soors or areas. 

Typical System. Fig. 1 shows a typ- ay. 
:zal central-system apparatus room. aee {| a Filter 
Large duct, upper right, carries incom- - $ ce 
ing fresh air. Ductwork coming down 
‘rom upper floors brings back return 
air. Air from these ducts meets and 


mixes in proportions regulated by : i : < qe Apporatus room 


mixing-damper setting. Air then passes 
through a filter bank and back over 
c.rect-expansion coils. These coils both Room convector takes high-velocity 7” Supply and return distribution sys- 


cool and dehumidify. Right behind air, mixes with room air as needed tem for room convector shown, left 
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SUPPLIED BY A CENTRAL PLANT, THESE UNITS HANDLE LOCAL AREAS 


10 
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8 Packaged air-conditioning assembly, above, is complete except for refrigeration. 
Such units serve as air-distribution centers supplied by central refrigeration 


9 Smaller unit conditioners of same principle as Fig. 8 design, left, may be spotted 


through the piant. Need only electricity, air and refrigeration connections 


PACKAGED CONDITIONING EQUIPMENT 
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Complete air-conditioning assembly, including refrigeration, gives central sys- 
tem in packaged form; may carry floor load in oid building, save supply duct 


them is a spray system for further 
adjustment of moisture content. In 
winter, when moisture must be added 
to the air, the spray does the job. A 
reheat coil follows, to set final relative 
humidity and meet variations in sen- 
sible-to-latent-heat ratio. 

Along the right wall is an evapora- 
tive condenser for the refrigeration unit 
(center). Note that air supply and 
exhaust for the evaporative condenser 
are entirely separate from air supply 
for the conditioning system. 

Larger System. A somewhat larger 
plant shows in Fig. 3. It draws in out- 
side air from the left, preferably from 
an intake on the building side least 
exposed to solar heat, and not too close 
to the ground or a roof. A proportion- 
ing damper interlocks with a damper 
in the return duct to control ratio of 
fresh to return air. Usual scheme is 
to key these dampers so, as outside air 
increases, return air decreases, and vice 
versa. Then the mixed air streams pass 
through a filter bank. 

Cleaned air is then ready for tem- 
perature- and moisture-control stages. 
Systems using air washers, see Fig. 2 
also, usually pass air over a tempering 
coil to make sure its temperature is 
above freezing point. During most of 
the operating time, eńough return air 
goes back with the incoming fresh air 
to avoid any freezing in the washer. 
This unit serves as a spray humidifier 
in winter months, and may be used 
as a dehumidifier in summer. 

In the layout of Fig. 3, air from the 
tempering coil goes directly into the 
washer for humidification as needed. 
After the washer there are cooling and 
reheating coils, with a bypass around 
them into the main supply fan. Note 


provision for reheating or cooling coils 
in branch ducts. 

Fig. 2 shows a practical arrangement 
of the air-conditioning elements — tem- 
pering coils, filters, washer, etc. It 
delivers conditioned primary air for 
distribution through a central duct 
system. 

Zoning. In a large structure, such 
as an office building, hotel or indus- 
trial plant, conditions vary from one 
part to another. Air conditions that 
are right on the sunny side, for exam- 
ple, are wrong for the shady side. Thus 
areas are usually broken up into zones, 
each fed by separate ducts. A number 
of different means are used for supply- 
ing correctly conditioned air for the 
various zones. 

One scheme would be to regulate 
quantity of conditioned air entering a 
given zone — that is, proportioning the 
flow according to the different zone 
loads. Byt the control mechanism — 
. usually throttling dampers — presents 
some problems and this method is not 
generally recommended. 

Booster Heaters. A better hookup 
uses properly proportioned heating and 
cooling coils (Fig. 3) in branch ducts 
leading to individual zones. These are 
supplied from the central heating or 
cooling equipment. With these heaters 
exact adjustments in dry-bulb tem- 
perature can be made for each zone. 

In a variation of this system, each 
branch duct has a separate small sup- 
ply fan, with the reheating and cooling 
coils on the suction side. These fans 
should be of backward-curved non- 
overloading design so they won’t tend 
to fight each other for the air supply 
and upset air distribution. 

Blending Air. Fig. 4 and 5 show 
another arrangement. Supply fan is 
right behind the air washer, which is 
bypassed in hot weather. Supply fan 
discharges through a split duct. The 
top part has a heating coil, the lower, 
a cooling coil. Air leaving these coils 
goes into separate chambers, with 
branch ducts running from them. 
“Hot” and “cold” ducts run side by 
side. At each takeoff there is a double- 
bladed mixing damper under control 
of a room thermostat or other control 
device. This blends warmer and cooler 
air as needed to give desired conditions 
in each occupied space. 

In the particular system shown, the 
cooling coil carries no refrigerant in 
winter, and the heating coil no heat 
in summer. Since the air leaving the 
warm chamber may be high in relative 
humidity it may not compensate for 
the nearly saturated cool air. Closer 
control over relative humidity may be 
obtained by a reheater in the cold-air 
chamber for summer service. 

Booster Fans. In a widely used hook- 


ROOM CONDITIONERS SERVE SMALLER AREAS 
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ll Floor model has refrigeration, 
conditioning equipment on inside 


1 Complete, self-contained 

window units require 
only an electrical plug-in to 
go to work. Usual design has 
the conditioning elements in- 
side, refrigerating outside 


up, there is a booster fan between main 
air supply and each occupied zone. 
There is no return of air to the central 
conditioning equipment, which handles 
all fresh air. A takeoff with a double 
mixing damper connects each booster 
fan and the main duct. This mixing 
damper interlocks with an outlet ex- 
haust damper in the return-air plenum 
for the zone. As more zone air is re- 
circulated and the main air duct sup- 
plies less, exhaust damper closes in 
proportion so less air spills to waste. 
Thus local recirculation and mixing 
effect control. 

In many hotels and offices, the 
booster-fan system serves individual 
floors as separate zones. The fan itself 
is usually in a fan room off the main 
corridor, which serves as a return-air 
plenum. 

High-Velocity System. For economy 
of space and installation cost, one sys- 
tem distributes conditioned air at high 
velocity through relatively small con- 


This room air conditioner depends 
on an outside refrigeration supply 
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duits. These serve what might be called 
induction convectors in each condi- 
tioned space. The high-velocity con- 
ditioned air, Fig. 6, acts as a jet to in- 
duce room air to mix with incoming 
conditioned air. The mixture sweeps 
over a heating or cooling coil for final 
conditioning. Water supply and return 
lines supplying these coils parallel the 
air conduits, which are furred-in along 
outside walls. 

Same induction principle is applied 
in smaller buildings. using supply and 
return ducts instead of high-velocity 
conduit. Both sensible and latent-heat 
cooling is done centrally. Control of 
summer room temperature is accom- 
plished locally by regulating amount of 
conditioned air admitted to the induc- 
tion convector. Convector unit has a 
heating coil for winter operation. 

Package Conditioners. Recent years 
have seen the development of packaged 
systems for smaller installations. A 
typical unit, Fig. 10, contains in its 
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housing all essential elements for con- 
ditioning — refrigeration machinery, 
filters, cooling coils, fan and mixing 
plenum. Only connections needed are 
for water, drainage and electricity. 

Such packaged conditioners may 
stand in the conditioned space, or serve 
a small duct system connecting several 
areas. Used in sufficient numbers, they 
meet the needs of existing buildings 
where installation of a conventional 
central system might be difficult or ex- 
pensive. They prove an ideal answer, 
of course, for small buildings, stores, 
isolated spaces, etc. 

Local Conditioning. In one of the 
most widely used modifications of the 
basic central system, only the refrigera- 
tion is handled at a central point. 
Chilled water or refrigerant for cooling, 
and a heating medium if needed, are 
circulated throughout the building in- 
stead of conditioned air. Actual work 
of conditioning is handled locally, usu- 

“ally on each floor of a multi-story 
building. At each such point there is a 
“fan room,” containing fresh-air in- 
take, filters, washers, coils, etc. Each 
such fan room supplies a duct system 
for its own floor, with the usual sup- 
plies and returns. 

While the local conditioning equip- 
ment may be assembled for the indi- 
vidual job, it is also common practice 
to employ packaged assemblies like 
Fig. 8, 9. Each such unit acts as a 
separate air-distribution center for its 
own area. The packaged assemblies 
greatly simplify installation and re- 
duce cost. Unit of Fig. 8, designed to 
hang from the ceiling, contains filters, 
a direct-expansion coil, spray nozzles 
for humidification, a reheating coil and 
a fan. Similar models use chilled water 
for cooling. Unit of Fig. 9 fits smaller 
jobs and is designed for an exposed 
location where appearance may be im- 
portant. It may also be obtained with 
cooling coils designed for either refrig- 
erant or chilled water. 


Room Conditioners. Unit of Fig. 9- 
might properly be called a “room” con- 
ditioner. But we apply the term here to 
equipment in which the refrigerating 
elements are closely associated with the 
others and which are suitable for use 
in relatively small spaces, such as in- 
dividual offices, hotel rooms, etc. There 
are two broad types of room condi- 
tioners — floor and window models. 
Many floor models have all the equip- 
ment inside the conditioned room, Fig. 
11. Refrigeration condenser is usually 
air cooled —jn this case by a short duct 
taking outside air through the window 
opening. Only about 6 in. of window 
height is needed for this. 

Some floor models, Fig. 12, have re- 
frigeration equipment outside the unit 
itself, in a nearby closet, for example. 
If this can be done, it tends to yield 
quieter operation. Since there is no flow 
of condenser air through the unit itself, 
any moisture condensed on the cooling 
coils must be carried off in a drain. It 
is customary to locate such a condi- 
tioning unit near a window so it can be 
used for ventilation by drawing in fresh 
air from outside. 

Window models, like Fig. 13, are 
usually complete unit air conditioners 
designed for mounting in a window 
opening. The low side, consisting of an 
evaporating coil, circulating fan and 
filter, usually is on the room side of 
the window line. The high side — com- 
pressor, condenser, and its cooling fan, 
extend outside. This simplifies the air 
cooling of the refrigeration equipment. 
Such units are extremely easy to 
install, requiring only electrical con- 
nections. 

Reversed Operation. Room condi- 
tioners with the refrigeration equip- 
ment inside the room may be used to 
provide some heating in winter months. 
The cooling coil becomes the condenser 
and the condenser acts as an evapora- 
tor. This is, in effect, the basic principle 
of the heat pump. Operated in this way, 


the unit abstracts heat from the out- 
side air and delivers it, at a higher level, 
to the room. Outside air temperature 
has to be at least 45 F for satisfactory 
reversed-cycle operation of this kind. 

As the name implies, room condition- 
ers are primarily intended to serve a 
single, relatively small space. Hence 
they usually discharge directly into the 
space, without ductwork for air dis- 
tribution. Some room air is mixed with 
outside air; usually a damper arrange- 
ment is provided for control. 

System Selection. As the foregoing 
pages indicate, there are many answers 
to the individual problems of different 
types of buildings. Much depends, of 
course, on the size and type of building 
and whether it is to be air conditioned 
throughout. For small buildings, and 
for conditioning of isolated spaces in 
large buildings, room or unit condi- 
tioners may prove the answer. In larger 
buildings, where a complete job is in- 
volved, much depends on whether con- 
ditioning equipment must be fitted into 
an existing building. With a completely 
new building considerable freedom of 
choice is possible. 

In existing buildings, the problem of 
finding space for ductwork may prove 
tl vital factor. Lack of space points 
to use of a high-velocity conduit sys- 
tem or to the circulation of chilled 
water with local fan rooms serving in- 
dividual spaces. In high buildings, the 
duct problem is likely to be acute, and 
so the alternatives prove attractive. If 
vertical zoning is used, with a fan room 
on each floor (a common scheme) care 
should be taken to seal off each floor 
from the others. If this isn’t done, cool 
air tends to migrate to lower stories and 
warm air to upper. 

Type of occupancy and amount of 
individual control required determines 
to a large extent (1) the degree of zon- 
ing on a horizontal basis and (2) the 
most suitable of the several methods 
for controlling distribution to zones. 
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Lubricants 


: By J J O'CONNOR, Managing Editor 


A simple shaft, turning in a plain bearing, brings into play a maze of lubri- 
cation theory and practice. In the hectic rush of their daily jobs, plant 
people may not always take the time to master this theory, get a good working 
knowledge of lubrication phenomena. But they should. The whole area of re- 
ducing friction and wear between moving surfaces is becoming increasingly 
important. As industry continues to expand, that growth is reflected in more 
shafts, turning at faster speeds, under greater loads and at higher temperatures. 
As setting for our story of lubricants, we chose the microscopic cross section 
of a bearing and shaft sketched above. This is the physical framework within 
which the lubricant works — but with a host of variables. 

How far surfaces are separated is the first variable. In the plant. many 
bearings spend a good part of their operating lives in close metal-to-metal con- 
tact. Others are kept well apart by a complete film of lubricant. But a multitude 
of applications fall in between these two extremes. So to really know lubricants 
you must understand the conditions which exist at bearing-shaft surfaces under 
thin and thick lubricating films. and precisely what determines whether the lu- 
bricant will form a thick or a thin film. 

Next we tell the story of the additives that go to work in almost all lubricants, 
enhancing their properties so they do a better job under varying conditions. 
This matter of additives raises the biggest questions in the minds of plant 
people. What are additives? Where and how are they used? Do they really 
work? How long do they-last? We try to answer these questions, and others. 

Then we tackle the various types of lubricants used across industry. Mineral 
oils, synthetics, hydraulic fluids, greases and the fast-growing array of solid 
lubricants are all covered. Our aim is to give an overall state-of-the-art report, 
rather than simply concentrate on what’s new. 

You can put the information to work in many ways. Obviously. it will be 
that much easier to discuss specific problems and particular fuids with your 
oil supplier when you're both talking the same language. And with this broad 
background, you can better understand new lubricants as they come on the 
market. Finally, a continuing benefit will be better appreciation of the overall 
importance of wear reduction and the means at hand to do the job. 
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Although a lubricant must meet many related requirements, 


Control friction 


With moving surfaces fully sepa- 
rated by a fluid film, friction is 
due to shear within the lubricant. 
A heavy, viscous film generates 
more internal friction than a light 
one, and energy expended to over- 
come friction converts to heat. As 
film thickness is reduced, with 
some metal-to-metal contact, chem- 
istry of fluid and reactions at mat- 
ing surfaces gain importance. 


Limit temperature 


Lubricated surfaces must rid 
themselves of frictional heat by ra- 
diation or conduction through sol- 
ids to cooler surfaces; or the 
lubricant may transfer heat to 
cooler zones. Lubricant controls 
temperature by first minimizing 
friction, then carrying off heat. 
How well this job is done depends 
on quantity of lubricant, tempera- 
tures, means for external cooling. 


Reduce wear 


We mean wear from metal-to- 
metal contact and abrasion traced 
to solid particles coming between 
lubricated surfaces. Abrasion 
shows up as scratching or scoring; 
it’s eased by flushing action of lub- 
ricant. Metal-to-metal contact and 
consequent wear happen if nor- 
mally well-separated surfaces start 
to move or slow down, or if fluid- 
film thickness or body is reduced. 


Dampen shock 


Shock loading must be considered 
in many mechanisms, such as 
gears. One saving grace is the in- 
herent ability of fluid lubricants 
to increase their viscosity as pres- 
sure increases. A typical oil re- 
fined from a California crude ups 
viscosity 100 times as applied pres- 
sure rises from atmospheric to 
about 25.000 psi — not an uncom- 
mon order of magnitude. 


Reduce corrosion 


For indoor equipment operating 
in low humidity, corrosion control 
may be simple in absence of cor- 
rosive materials. Where acids, 
caustics or other corrosives are 
present, a constant resupply of 
lubricant may be required, plus 
means for mechanically limiting 
contamination. Excess acids, alka- 
lies, even water alone may destroy 
the basic structure of many greases. 


Form a seal 


Greases are often used where lub- 
ricant retention is a problem. 
Since they have a built-in ability 
to seal the shaft in a bearing hous- 
ing, greases serve to keep them- 
selves in the bearing and contam- 
inants owt. An over-supply of oil 
on a once-through basis also has 
a sealing action: Case-in-point is 
the lubrication of cylinder walls 
in an internal-combustion engine. 


HOW LUBRICANTS WORK as thickness 


Making moving parts slide or roll with greater ease is the 
obvious reason for using lubricants. If it were the only 
reason, we'd just have to worry about the job of separating 
surfaces with a fluid or slippery solid. But a host of addi- 
tional requirements are placed upon today’s lubricants 
apart from surface separation. Some are listed above. 

Most of these added chores are interrelated. For exam- 
ple, a lubricant doing a relatively poor job of controlling 
friction must assume the added burden of removing more 
generated heat. This additional heat may thin out the fluid. 
which thus winds up as a poor lubricant for the job at 
hand. Result: an early end for both lubricant and bearing. 

A lubricant’s “secondary” functions should always 
be considered. That means tailoring the lubricant to suit 
its operating environment. How some of that tailoring is 
done is discussed on pp 8-9. Before scrutinizing the many 
lubricant types found across industry today, let us take a 
close look at the way lubricants work. As a logical starting 
point, why not first step back and examine a world without 
lubricants — a world of dry friction. 

Friction is the force that resists sliding motion. The 
term coefficient of friction relates this friction force to the 
load: it’s simply friction force divided by load. 
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Two facts about friction will aid in understanding the 
mechanics of lubrication. First, friction force is indepen- 
dent of apparent contact area, so large and small areas of 
contact, if they’re made of the same materials and support 
the same weight, will have the same coefficient of friction. 
Second, friction value hinges on the shear resistance of 
surface materials, as discussed further below. For most 
practical purposes, it is independent of sliding velocity ex- 
cept under starting conditions, which simply means that 
friction force to be overcome before the body can start 
sliding is greater than needed to keep the body moving. 

What causes surface friction? To understand this, 
accept the fact that even finely finished surfaces are made 
up of hills and valleys — you can see them when you look 
through a microscope. When surfaces contact in the ab- 
sence of a lubricant, high spots or asperities on one side 
meet hills on the other. When load is at rest, these points 
will flatten and cold weld. So with dry machined surfaces, 
major frictional force comes in shearing welded points. 

What about rolling friction, as in ball bearings? Any 
system of rolling elements reduces friction considerably. 
If balls and opposing flat surfaces were completely smooth 
and inelastic, friction would be essentially zero. But ma- 


its prime function is to separate moving loaded surfaces 


oE p 100 microinches 


Full film 


A bearing’s “smooth” finish is far from 
smooth when looked at closely, Above 
sketch of a magnified oil gap between 
shaft and bearing shows up typical 
contours, Full-film condition illustrated 
—a goal often aimed at, not always 
realized — is termed hydrodynamic 
lubrication. Here separation of surface 
high points (asperities) most likely to 
contact is represented as 50-100 micro- 
inches; that’s about the thinnest oil 
film youscan have and still consider it 
full-fluid hydrodynamic lubrication. 
Pressure is the key to separating sur- 
faces. In hydrodynamics, pressure 
buildup comes from within the bearing. 
In hydrostatics, pressure comes from 
an outside pumped source. Hydrostatic 
technique is used for slow, heavy loads 
or to cut down starting friction by lift- 
ing journal off the bearing surface. 


Metal- to-metal contact 


Mixed film 


When film thickness shrinks for one of 
many reasons and metals contact, as- 
perities become the real load carriers. 
Since this true load-bearing area is 
small stacked alongside the total bear- 
ing surface, you can expect the unit 
pressures to be high. Called semi-fluid 
or mixed-film lubrication, this part 
fluid, part metal-to-metal-contact con- 
dition is found widely in industry. It 
varies from boundary lubrication (dis- 
cussed in text below) only in degree. 
Here, friction is influenced by surface 
material and composition of lubricant. 
Often but a single molecular layer of 
lubricant plates the surfaces. This film 
resists penetration, but with middling 
success. Even under best conditions — 
good adsorption. close molecular pack- 
ing on clean surfaces — some asperities 
penetrate the monolayer. 


Solid film 


A solid lubricant is a solid material 
placed between two moving surfaces 
to reduce or prevent metal-to-metal 
contact. It may be one of the well- 
known laminar solids such as graphite 
or molybdenum disulfide in one of 
many forms; or a material added to 
mineral oils, synthetic fluids or greases. 
Even natural oxides found on metal 
surfaces are a form of solid lubricant. 
Plastics have made a mark. Bonded 
coatings of solid lubricants are seeking 
out increasing applications, 

If pure hydrodynamic lubrication 
could always be established and main- 
tained there would be little need for 
solid films. But this is not the case. In 
most practical applications, bearing 
surfaces do sometimes meet in actual 
rubbing contact, so lubrication often 
must include some Jow-friction solids. 


varies from a single layer to a full film 


terials deform and rolling elements slip under load, bring- 
ing to bear the principles of sliding friction. 

When a lubricant is introduced, its immediate effect is to 
reduce the coefficient of friction — to let the sliding sur- 
faces move with less effort expended. 

Even a dry surface may have some form of natural 
lubrication: absorbed gases, water vapor, oxide films, sur- 
face contaminants. Although far from satisfactory lubri- 
cants, they do help reduce friction. At the other end of the 
scale is hydrodynamic lubrication (see sketch above), 
where a full film of oil supports load. But before we go into 
that, let’s look at the area in between. called boundary 
lubrication. Here, as in the mixed-film area, the lubricat- 
ing film is thin and some metal-to-metal contact occurs. 

“Boundary lubrication — a situation that’s not ideal 
but one common to most moving surfaces ~ is a step or 
two below hydrodynamic, but a hig step above dry fric- 
tion. Practical boundary lubricants reduce coefficient of 
friction for cleaned steel from about 0.5 to the range be- 
tween 0.2 and 0.03, 

In denuded metal, the high surface energy encourages 
welding at points of real contact. Here’s where a thin pro- 
tective layer comes in, suppressing this surface energy and 


keeping high points physically separated. Often this thin 
film is provided by an additive. 

Physical adsorption of molecules plays a key role in 
boundary lubrication. Lubricant molecules, plated out as 
a single or monolayer on the bearing surfaces, aid in re- 
ducing friction. Although nonpolar fluids are sometimes 
used in lubricants, polar type molecules are the most prac- 
tical, They have a self-orienting feature which lines them 
up on metal surfaces, standing on end with their bottoms 
attached to the metal like barnacles (p 5). This. plus close 
shoulder-to-shoulder packing, accounts for their ability to 
inhibit metal-to-metal contact. Stearic acid is typical of the 
fatty-acid molecules used as polar additives. 

But molecules will detach as well as attach, As tempera- 
ture increases, physical vibrations of molecules tend to 
increase, resulting in some polar molecules dropping off. 
(When temperature drops. of course. there is a tendency 
for molecules to adsorb again.: Heat developed by plastic 
and elastic deformation of the metal. plus fluid shearing, 
tends to destroy the adsorbed film. That’s why, in facing 
up to boundary lubrication. it’s necessary to continually 
furnish a fresh supply of molecules for adsorption. 

Some researchers believe effective boundary lubrication 
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Understanding the fluid film: 
how it shears, builds pressure 


The sketch above makes a number of assumptions for 
the sake of getting ideas across, assumptions which 
wouldn’t hold up under rigorous examination. It as- 
sumes that oil flow in a full-film bearing is always lami- 
nar (layer-like). This is usually the case but there are 
exceptions. The sketch shows a clear-cut line between 
boundary and full film, which isn’t there. But our sketch 
and the following text. in combination, show some of the 
P fundamentals of how a film shears, how hydrodynamic 
film pressure builds. 
Look upon a fluid film as a deck of cards with the top 
card adhering to the moving shaft, bottom card anchored 
to the bearing. In motion, the deck splits in layer-like 


can be attributed only to the first molecular layer plating 
the metal: outer layers, being weakly held, are squeezed 
out as load increases. But other experts believe that more 
than a monolayer is needed for reasonably smooth sliding. 

Molecular weight and chain length of the adsorbed polar 
molecules enter the picture. Coefficients of friction — static 
and kinetic — decrease as molecular weights increase. And 
because of the relatively low cohesive force between adja- 
cent short-chain polar molecules, they lack much in effec- 
tive lubrication ability. 

End result is that quantity of physically adsorbed 
molecules. and hence lubrication effectiveness, decreases 
as temperature and physical activity increase. So boundary 
lubrication utilizing physical adsorption should be limited 
to low loads. low sliding speeds, low temperatures (a few 
hundred degrees F1. 

Chemical adsorption (chemisorption) is another ap- 
proach through additives to providing a plating layer in 
the thin-film region: forming a surface film by chemical 
action on load-bearing metal. In contrast to physical ad- 
sorption, chemisorption increases with temperature. Metals 
more readily attacked chemically are usually more effec- 
tively lubricated by chemisorption. Example: Fatty acids 
do a good job on iron and copper. a poor one on chromium 
and silver, Chemically adsorbed films work well right up 
to their melting point. 

Chemical reaction is still another wav to form a low- 
friction coating on metal surfaces. It occurs when there is 
an exchange of valence electrons. so a truly new chemical 
compound is formed on bearing surface. Typical would he 
sulfur reacting with iron to form iron sulfide. Chemical 
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fashion. It’s this sliding of layer upon layer that ac- 
counts for the fluid’s internal friction. Layers of heavy, 
high-viscosity oil are tough to slide by one another. But 
light. low-viscosity fluid behaves like a highly waxed 
deck; laminar sliding is just that much easier. 

Building our deck of cards into a working hydro- 
dynamic oil film involves a series of factors: clearance, 
bearing grooving, point of oil application, speed, load, 
and of course viscosity of the lubricant. But the me- 
chanics of film formation are quite straightforward. 

As the journal starts turning, it literally rolls uphill 
on the bearing surface. And since the journal is then 
slightly off center, the clearance becomes crescent- 
shaped, with the wedge end of the crescent tucked into 
the load area (top journal sketch, facing page). As 
speed increases, oil is dragged from the crescent to form 
a thin oil film in the bearing-load area. Since the shaft 
and bearing converge, in effect, oil will leave the high- 
load area at a higher average velocity than it had when 
it entered. So there is some tendency for the fluid to 
back up in the wedge-shaped load area. And since oil 
cannot be squeezed into a smaller volume, its pressure 
builds up instead to support journal load. 


reaction is a way to develop extreme-pressure (EP) lubri- 
cants, The approach works with high loads, temperatures, 
sliding speeds, but it’s limited to reactive metals. Inorganic 
films formed (sulfides, chlorides, phosphides) appear more 
stable than any physically or chemically adsorbed film. 

Developing a lubricant with extreme-pressure character- 
istics is a reasonably precise business: it should be tailored 
to each particular job so that temperature, pressure, sliding 
speed, metal combinations are known. There are a few pre- 
cautions to keep in mind. For instance. although sulfur is 
adsorbed rapidly on copper as is phosphorus on ferrous 
alloys, chlorine used with lead may increase friction, 

Eyer see an old-timer slip sulfur into a gear-case lubri- 
cant during wear-in? Elemental sulfur dissolved in oil has 
been used for years as a chemically reactive additive. 
Moderately high concentrations of sulfur in oil yield the 
highest load-carrying capacity of any blend that must face 
up to extreme-pressure conditions, But you can pay a price: 
some harmful effects on the oil and the metals, possibly an 
increase in wear rate with time. 

Other materials such as chlorine, bromine and iodine 
(or compounds containing these elements, see pp 8-9) 
react chemically with metals to form salts with a resultant 
protective laver. Petroleum oils fortified for extreme pres- 
sure may contain sulfur and chlorine, sulfur and phos- 
phorus. sulfur plus phosphorus and zine or others, 

There are many more chemical reactions that may occur 
on a load-bearing surface using a hydrocarbon boundary 
lubricant: surface oxidation, hydrocarbon oxidation form- 
ing acids, polymerization of hydrocarbons te yield resin- 
ous films, oxidation. hydrolysis or interaction of additives. 


Adsorbed lubricant monolayer 
helps support load on startup 


On startup, unit pressures at high spots in contact may be 40 
times those calculated for the total projected bearing area. 
This accounts for fact that even with modest bearing loads. 
actual loading in areas of solid contact may reach yield point 
of bearing material. 

Transition from contacting asperities through monolayer 
support to thick film is gradual. How quickly this transition 
is made — if ever — depends on viscosity. journal speed. bear- 
ing loading. 

Both the boundary and mixed-film regions on curve (right) 
are areas where a solid lubricant. one of the many types avail- 
able, might be used as part of a fluid lubricant. Mineral oils 
of low refinement have a natural advantage in the mixed-film 
area. This comes about because of built-in polar materials (see 
p 3) which are removed by high refining. Of course they can 
be put back in another form after refining, and they often are. 


Viscosity, speed, bearing load 
determine friction, film thickness 


In selecting a lubricant, viscosity becomes the important fac- 
tor once designer has fixed journal speed and bearing load — 
assuming we're aiming for the hydrodynamic full-film region. 
Viscosity — the fluid’s internal resistance to motion — must be 
determined so it can handle maximum load without over-heat- 
ing. Increasing viscosity permits more loading, but higher 
bearing temperatures may result from the normal increase in 
fluid friction. Since oil thins out (viscosity decreases) with 
rise in temperature, it’s important to know the bearing’s oper- 
ating temperature and the true viscosity of the lubricant at 
that temperature. Viscosity shows its real importance in full- 
film lubrication. It is the single property that allows oil to 
resist being squeezed out as load is applied. Actually. increas- 
ing pressure on a fluid lubricant tends to increase viscosity, 
one reason why low-viscosity oils can handle heavy loads, 


Hydrodynamic pressure within 
fluid keeps surfaces separated 


Once in the full-film region, many machines shift bearing loads 
in both size and direction. An example is the internal-com- 
bustion engine, where loading is anything but constant. This 
holds especially true in the connecting-rod bearings. main- 
crankshaft bearings. camshaft bearings. piston-ring bush- 
ings. Reciprocating pumps and compressors have similar 
shifting loads. When bearing load increases or changes di- 
rection, the shaft will generally shift its position until all 
forces are again in equilibrium. This radial motion means part 
of the oil film will be squeezed and forced to flow around the 
shaft. But because of its viscosity, the oil pushes back against 
this change in shaft position. somewhat akin to fluid in a hy- 
draulic-damping system. This resistance and resulting squeeze 
film actually add to the oil film’s load-supporting ability. 
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Oxide layer 


Adsorbed polar molecules 


Shaft and bearing con- 
tact through touching 
asperities gradually 
gives way as speed in- 
creases, film -pressure 
builds: up: Lubrication 
shifts from boundary to 
mixed-film to - full-film 


Area of boundory 
g lubrication 


Shaft storting to turn 


0.15 


Coefficient of friction 


0.001 


clearly separates su 
faces. Only friction is 
due to viscosity of foid. 


Shaft. at» full sp 
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KEY PROPERTIES of fluid lubricants and 


Common practice, in writing about lubricants and their 
properties, is to simply list the most important ones and 
possibly describe the means available for testing. These 
listings have some value to the user because they describe 
the product. They also help him. in a preliminary fashion, 
screen suitability of a proposed lubricant for a given job. 

The ultimate check on whether a specific lubricant is 
suitable for the job at hand would be an on-site performance 
test. But such a test is seldom feasible because it’s costly 
and time-consuming. Also. there is the problem of con- 
trolling and duplicating widely varied operating conditions 
met in full machine range. 

If field testing were the only answer, progress in lubri- 
cant development and machine design would be throttled. 
The compromise. of course, is simulated performance test- 
ing. carried out in laboratories of major oil suppliers. 

After performance is proved, some yardsticks are needed 
to help maintain the lubricant’s quality and serve as an 
aid in purchasing. It is at this point that a lubricant’s 
chemical and phvsical properties really come into the act. 

List of properties would start off with viscosity, then 
viscosity index. pour point, gravity, flash and fire points, 
neutralization number, oxidation stability. You can con- 


How viscosity is measured... 


ABSOLUTE VISCOSITY (see sketch) 

can be measured several ways. One 

way uses the time required for a steel 

ball to fall through a measured height 
Area of oil, The equation is u = K(D,—D, )t. 

u is viscosity, D, density of ball, D, 
density of liquid; K is a constant 
peculiar to the instrument; t is meas- 
ured time for ball to pass two horizon- 
tal markings on a glass tube. For ex- 
ample: time for a 0.15-cm-dia ball to 
iall 15 em through a 2-cm-dia tube of 
caster oil at 68 F is 19.4 sec, This is a 
ane method for measuring viscosities 
eI 1640 centipoises or greater. 


KINEMATIC VISCOSITY is more widely 
-i than absolute. This is the 
ratio «! absolute viscosity to density of 
the «il at a given temperature. 

In the U.S.. Saybolt Universal Vis- 
cometer values are the ones most wide- 
ly quoted a: a measure of viscosity. In- 
strument í shown simplified at left) con- 
sists of a cylinder to hold oil sample 
plus a short. small-diameter-outlet tube 
closed by a cork stopper. A con- 
stant-temperature bath surrounds cyl- 
inder. You note how many seconds it 
takes for 60 cc of the oil to flow into a 
flask: this is the viscosity measured in 
Saybolt Seconds Universal (ssu). 


Jci F 


measur 
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tinue on to any length dictated by the product’s ultimate 
use. The most complete and authoritative source of details 
on how to conduct tests on a lubricant is the ASTM 
Standards on Petroleum Products and Lubricants, issued 
annually. It is available from ASTM. 1916 Race St, Phila- 
delphia 3, Pa. 

Now let’s look into the more important properties of 
lubricants. Our logical starting point is viscosity. 

Viscosity has been accurately described as the internal 
resistance offered as one portion or layer of a liquid moves 
in relation to another portion. Resistance comes about 
because of the internal friction of the liquid molecules 
moving past each other. Since temperature is a measure 
of molecular activity, it is the most important variable 
affecting a liquid’s viscosity. For that reason, temperature 
must always be stated in conjunction with viscosity. 

Probably the best way to understand viscosity is by 
starting out to measure it. Sir Isaac Newton is credited 
with being the first to set up a formula for the force needed 
to overcome viscous resistance of a fluid. Even though he 
did this work back in the early part of the 18th Century, 
it was done so well that the relationships he established 
are still used as the basis for viscosity measurement. 
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ABSOLUTE VISCOSITY of sample is 100, specific gravity 0.9. To 
fnd Saybolt, connect 0.9 sp gr with 100 cp, read 500 sec on ssu 


why they are important 


Newton used two long concentric cylinders submerged 
in water for his fundamental testing, but the same principle 
nolds for the technique sketched at left (alongside the 
discussion of absolute viscosity}. Here two surfaces are, 
in effect, separated by a fluid film. The basic equation 
«a = FH/AV defines viscosity, u. F is in lb, dynes, etc, 
area A is distance squared, height H is distance and 
velocity V is distance divided by time; viscosity then has 
the dimensions of force multiplied by time and divided by 
distance squared. 

If we’re using the English system of units, we find di- 
mensions in lb-sec per sq in. This unit is labeled the Reyn. 
In the European or metric system, viscosity would be dyne- 
see per sq centimeter. This unit is called the Poise. A Poise 
is a rather large unit, so the centipoise (1/100 of a Poise) 
is frequently used instead. When converting from one to 
another, remember that the number of Reyns equals 
1.45 + 107 ¥ number of centipoises. 

+ Newton further deduced that the viscosity of a given 
liquid is constant at any particular temperature and pres- 
sure, and independent of the rate of shear within the fluid. 
Fluids obeying these laws are labeled Newtonian. However, 
viscosities of greases and polymer-thickened mineral oils 
are affected by shearing; these are termed non-Newtonian. 

Other properties range far and wide, depending on re- 
quirements the intended service places upon the lubricant. 

Viscosity index, discussed more fully at right, is 
certainly a key property since it indicates how viscosity 
will change as a function of temperature. 

Pour point relates to viscosity, too, since it concerns 
fluidity at low temperatures: it is the temperature at which 
an oil just barely flows, under certain prescribed condi- 
tions. Of course, refrigeration oils and lubricants intended 
for cold climates must have low pour points. 

Flash point is the temperature to which a lubricant 
must be heated before its vapor, when mixed with air, 
will ignite but not continue to burn. At its fire point, lubri- 
cant will keep on burning. High flash points and high fire 
points have an obvious plant-safety value. 

Acid content is an important gage of the life of used 
oils, Oils oxidize with age and service, forming acids 
which lower the surface tension. Interfacial tension is one 
check on acid content. Another is neutralization number, 
expressed as milligrams of potassium hydroxide required 
to neutralize one gram of oil. Both are often used to tell 
when circulating oils need changing. 

The above are but a few of the more commonly dis- 
cussed properties. Actually, it is quite possible to divide 
the important functional properties of a lubricant into six 
main groups. Any such grouping would lead off with flow 
properties—viscosity, VI and low-temperature suitability. 
Next might come high-temperature characteristics, center- 
ing around volatility, evaporation residue. thermal sta- 
bility, decomposition products and residues. Then oxida- 
tion characteristics would include inhibitor susceptibility, 
resistance to oxidation. Hydrolysis would cover resistance 
to alkaline liquids. acids, water or steam. Finally we'd 
want to know solubility in water, in hydrocarbon solvents. 
miscibility (how well it mixes) with petroleum products. 


' ed, newer developments—advent of solvent 


_ How oil is blended 


Volume of high- viscosity oil, % 
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00- 90:80.70 60 50-40 30 20 10 0 
Volume of low-viscosity oil, % 
TO USE CHART, draw a line through points A and B, 
representing viscosity at 100 F of oils to be blended, Pro- 
portions of each ‘are read. off the top and bottom scales... 
Example shown is fora final blend of 350° ssu at 100 F: 
Such an oil, point C, requires 60% 175-ssu oil blended with 
40% 1300-ssu oil. Similar chart determines. fuel dilution. 


100 F ator 


Story of viscosity index 


Since viscosity of fluid lubricants does change 
with temperature, a measurement of how 
much change occurs has been set up and 
labeled the viscosity index. Present system 
compares viscosity measurements from two 
crude oils. The two selected were believed to 
possess the absolute maximum and minimum 
limits of viscosity-temperature sensitivity. As 
such, they were assigned VI's of 0 and 100 as 
the end points of a 100-point VI scale. 

But since the time these crudes were select- 


refining, modern additives and the growing 
number of synthetics—have complicated mat- 
ters. We now have a string of lubricants 
ranging far outside the VI scale in both di- 
rections. Many are considering a new index, or 
probably two. one for commercial use and a 
more fundamental scale for research. 
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Commonly used additives for today’s industrial lubricants: 


Extreme pressure, 


iliness or 
Oxidation Corrosion film-strength Detergent- Rust 
inhibitor inhibitor improver dispersant preventive 
Typical Organics containing Organics containing Chlorine, phosphorus Metallo - organics Sulfonates, amines, 
compounds sulfur, phosphorus or active sulfur, phos- and sulfur compounds (phosphates, pheno- fatty oils, fatty acids, 
nitrogen, such as or- phorus or nitrogen. such as chlorinated lates, sulfonates and oxidized-wax acids, 
ganic amines, sulfides, Typical: organic sul- waxes, organic phos- alcoholates). High- phosphates, halogen- 
hydroxy sulfides, phe- fides, phosphites, phates /(tricresyl phos- molecular - weight ated derivatives of 
nols. Zinc organics metal salts of thio- phate’, phosphites, soaps containing tin, some fatty acids 
are often used phosphoric acid and lead soaps such as barium, magnesium, 
sulfurized waxes lead napthenate, fats calcium 


Minimize formation 
of varnish and sludge 
on metal parts, pre- 
vent corrosion of al- 


loy bearings 


Why additive 
is used 


Reduce friction and 
wear, prevent galling, 
scoring and seizure 


Protect alloy bearings 
and other metal sur- 
faces from corrosion 


Minimize rusting of 
metal parts during 
equipment shutdown, 
storage and shipment 


Keep metal surfaces 
clean, prevent many 
types of deposits 


Chemical reaction 
forms a film on con- 
tacting metal sur- 
faces. Film has lower 
shear strength than 
base metal, thereby 
reducing friction. 
Helps prevent weld- 
ing, seizure of con- 
tacting surfaces when 
oil film is ruptured 


Reduces formotion of 
acidic bodies by de- 
creasing amount of 
oxygen taken up by 
the oil Ends oil-oxi- 
dation reactions by 
forming inactive solu- 
ble compounds or by 
taking up oxygen. 
Additive may be oxi- 
dized instead of oil 


Inhibits oxidation, 
preventing formation 
of acidic bodies. Al- 
lows a protective film 
to form on metal sur- 
faces. Catalytic oxi- 
dation of oil is de- 
creased by this chem- 
ical film 


Polar or chemical 
type surface-active 
materials ore prefer- 
entially adsorbed on 
metol. Film repels 
water attack 


Chemical reaction pre- 
vents deposition of 
oxidation products and 
other substances 


How additive 
works 


Typical lubricant 
applications and 
additive that 
may be used 


Turbines, 
electric motors, 
spindles, 


hydraulic and 

circulating systems 

Gears ihypoid, 

heavy-duty, worm 

ii eae 4 Ov | ¥Y | v | v | 
Fire-resistant 

non-aqueous 

hydraulic fluids 

Ball- and roller- 

bearing greases 


° the past decade has been in the science of improving 
AD D l T | V E S Im prove properties or creating new ones through additives. 
Adding something to lubricants is an old art. Steam- 
° ° evlinder oils compounded with animal fats and the marine- 
lu b rica nt p ro perties, steam-engine lubricant that boasted of blown rape-seed 
oil were among the first additive lubricants. 
Ever-growing trend toward transferring more energy 
create some new ones through small mechanical packages, problems brought 
about by fuel impurities. higher bearing and gear load- 
ings, greater speeds, widening range of operating tempera- 
Today’s petroleum lubricants have arrived at their high tures... all these and more are behind the growing field 
stage of development for two reasons: modern refinery of additives. And this area will continue to expand, 
techniques plus the contribution made by additives. It’s How do additives improve the lubricant ? That calls 
clear that the biggest stride in lubricant development over for a 4-part answer. First, there are additives designed to 
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What they are, how they work, typical lubricants using them 


i 


es organic com- 
containing 
or sulfur: 
end sulfides, 


iTS reaps 


prevent or 
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“tic ef metals on 
: IZ" on process 


eteract 


*-.: cal or chemical 
tiitcnon forms in- 
zt -z protective film. 
Tits sticatly inactive 
romtlex is formed 
-= scluble or insol- 


z: metal ions « 
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Antiseptic 
(bactericide or 
disinfectant) 


Some alcohols, alde- 
hydes, phenols and 
mercuric compounds. 
Chlorine - containing 
compounds 


Control odor, metal 
staining and emulsion 
breaking in emulsion 
type oils 


Reduces or prevents 
microorganism growth 
particularly harmful 
to emulsified oils 


Pour-point 
depressants 


Wax alkylated nap- 
thalenes or phenols 
and their polymers. 
Methacrylate poly- 
mers are also used 


Lower the pour point 
of the oif 


Coats wax crystals in 
oil to prevent growth 
and interlacing at re- 
duced operating tem- 
peratures 


Emulsifier 


Certain soaps of fats 
and fatty acids, sul- 
fonic acids or nap- 
thenic acids and sur- 
factonts 


lubricant 


washing, rusting 


Surface-active chem- 
ical agents 


interfacial tensions so 


oil can be finely dis- 
persed in water 


To produce a coolant - 
type fluid 
from soluble oils and 
water. Reduces water 


reduce 


Foam 
inhibitor 


Silicone polymers and 
modified waxes 


Prevent the forma- 
tion of stable foam 


Reduces interfacial 
tension, allowing 
small bubbles to com- 
bine into larger air 
pockets. Latter will 
separate faster 


Viscosity-index 
improver 


Polymerized olefins 
or iso-olefins. Buty- 
lene polymers, meth- 
acrylic - acid - ester 
polymers, alkylated 


styrene polymers 


Reduce rote - of - 
change of viscosity 
with temperature 


Improvers are less 
affected by tempera- 
ture change thon is 
oil. Example: They 
raise viscosity by a 
Greater proportion at 
200 F than they do 
at 100 F 


protect the lubricant in service by limiting chemical 
change or deterioration. Second. there are additives which 
protect machines from effects of outside contaminants such 
as products of combustion. which might end up as lubri- 
cant deposits. Third. some additives improve a lubricant’s 
physical properties (pour point. VI. ete! or give complete- 
ly new properties. Fourth. others reduce surface wear. 
Additive properties are important too. Additives 
must often be soluble in the base petroleum product. In 
most cases, this solubility must be maintained over the 
whole in-service temperature range. But there are excep- 
tions: Vl improvers. for one. may depend on limited 
solubility since their action varies with temperature. Rust 
inhibitors could be troublesome if solubility were fully 


stable. since this would block their concentration on metal 
surfaces, Solubility in oil rather than water is important. 
Otherwise water finding its way into a gearcase would 
tend to leach out water-soluble additives. 

Volatility must be low so additives in the finished prod- 
uct wont be lost once temperatures rise. Compatibility. 
stability. odor, color. controlled activity all have an effect. 

False concept in connection with additives concerns 
the quantity to use, You might automatically conclude that 
the bigger the amount. the better the results. Actually, 
the contrary may be true, For example. some EP agents 
have a bad effect on properties such as demulsibility, stabil- 
ity. surface tension, Final decision on quantity and type 
of additive is best left to the lubricant supplier, 
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MINERAL OILS 


Lubricants may be broadly classified as gas. liquid, semi- 
solid or solid. Mineral oils produced from hydrocarbon 
crude are still the largest single class in common use. 

Crude oil as it comes from the ground displays a wide 
range of properties. No two crudes are exactly alike: even 
crudes from wells in the same field may have differing 
characteristics if the wells tap into two or more horizontal 
strata. Although alike in basic content, crudes are actually 
an extremely complex mixture of hydrocarbons. They vary 
in color, odor. density. viscosity, chemical composition. 

Some crudes are light enough to be used as diesel fuel. 
Others have a tar-like consistency and even in the tropics 
must be heated for pipeline transmission. But there is a 
common denominator: all crudes contain carbon and hy- 
drogen plus small amounts of sulfur, oxygen, nitrogen. 
Carbon content runs between 83-87%, hydrogen 11-14%. 

Classification of crudes is usually according to the 
composition of the residual fractions left after refining: 
paraffinic, napthenic and intermediate or mixed-base. Par- 
affinic-base crudes such as the Pennsylvania oils boast the 
highest natural viscosity index: napthenic crudes have low- 
er values, And there are other basic differences: pour 
point, carbon residue, flash point and volatility, to mention 
but a few. However, many differences in the crudes can be 
offset by modern refining and use of additives. 


SYNTHETICS 


W idening interest in the synthetics as lubricants has come 
about simply because industry’s needs are, in many areas, 
outstripping the normal limits for petroleum oils. And we 
can expect this interest to grow. One practical way to classi- 
fy synthetics is by their distinguishing chemical source 
(see facing paget. Properties of most synthetics can be 
improved through use of the same additives now serving 
petroleum products. and many new additives are being 
tailored solely fur the synthetic family. 

Silicones have the most favorable viscosity-tempera- 
ture characteristics of present-day synthetics in general 
use. Available in a wide viscosity range (from 35 ssu at 100 
F to semi-liquid greases'. they boast low volatility, high 
thermal and oxidation resistance. They won't harm plastics, 
synthetic or natural rubbers. On the other side of the coin, 
their lubricity may fall short — but is improving, through 
structural change with halogens. additives containing tin. 

The silicones find increasing use in rolling-contact 
bearings at temperatures to 350 F and in many applica- 
tions where viscosity change with temperature must stay 
at a minimum. In grease form, they are particularly useful 
in hot-liquid pumps and in corrosive atmospheres. 

Polyglycols are available in many viscosity and mole- 
cular-weight grades with viscosity-temperature character- 
istics better than petroleum. not up to silicones. Not only is 
cost low, but they can be substituted for petroleum lubri- 
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Fixed oils, from animals and vegetables, are rarely 
used alone as lubricants since they tend to oxidize into a 
varnish-like layer at temperatures where mineral oils re- 
main stable. So the fixed oils are generally combined with 
mineral oils and greases. Serving as oiliness agents, they're 
valuable in the boundary-lubrication region. 

These oils get the umbrella label fixed because they can- 
not be distilled without decomposing. The family includes 
animal products such as tallow, lard, degras, and neat’s- 
foot, whale, porpoise, dolphin oils. Vegetable oils, from 
seeds or fruits of plants and trees, are extracted by pressing 
or by chemical solvents. Among vegetable oils are castor, 
rape, cottonseed, olive, coconut, palm, peanut and rosin. 

Super refining is showing much promise in mineral- 
oil development. Although emphasis over the past decade 
has been on additives to extend the usefulness of mineral 
oils and greases, possibility of further improvements in the 
refining process has not been overlooked. 

Some researchers are taking a close look at super re- 
fining for petroleum oils. They aim to improve still further 
the viscosity-temperature and viscosity-volatility relation- 
ships, additive response and low-temperature flow. 

Results to date with hydrocarbon fluids show a liquid 
range extending from -75 to over 700 F, with good 
thermal stability to 700 F, improved lubricity and response 
to additives that inhibit foaming, oxidation, corrosion and 
wear, Formulations based on deep-dewaxed super-refined 
mineral oils appear well suited for high-temperature hy- 
draulic fluids, gas-turbine lubricants, instrument oils. 


cants without extensive design or material changes in the 
machine. Principle uses are in water-based fire-resistant 
fluids, rubber-molding lubricants, hydraulic-brake fluids, 
vacuum-pump and high-temperature lubricants. The poly- 
glycols have a unique property: they decompose or oxidize 
into soluble fluids or volatile products, rather than sludge 
or varnish, But they attack paint and other nonmetallics. 

Phosphate esters, a broad class of fluids, are used as 
fire-resistant hydraulic and air-compressor fluids, seri- 
ously considered for lubrication of steam-turbine-genera- 
tors. Although they are strong solvents for paints and many 
rubbers, they are compatible with butyl and some of the 
silicone rubbers, nylon, Teflon, polyethylene. 

Dibasic-acid esters are promising synthetics, widely 
used as base liquids for low-volatility greases: largest area 
is as aircraft-turbine lubricants. Many of these synthetics 
are made from animal or vegetable oils as raw materials, 
others from petroleum-hydrocarbon synthesis. 

Other fluids include the silanes, the diphenyl ethers, 
sodium-potassium eutectics and numerous inorganic poly- 
mers of boron, phosphorus and nitrogen. These lubricants 
are being explored for use above 600 F. 

Applications for synthetics are cropping up every 
day. Where extremes in operation are encountered, where 
fire-resistance is important, where equipment must operate 
for long periods unattended . . . these are areas where the 
man-made lubricants fit in. In light of the benefits they can 
offer when properly applied, their added initial cost can 
often be justified by long-term economic evaluation. 


What you can expect from mineral oils and their additives in service 


If lubricant and additive are applied within design limits you 
have every right to expect that they'll hold up rather well. But 
every oil changes somewhat while it’s on the job, usually in 
two ways: (1) internal or chemical change within the lubri- 
cant (2) change traceable to outside factors such as contam- 
inants. These have an interrelated effect on lubricant life. 
Internal change, notably oxidation, is common in min- 
eral oils exposed to air, especially at high temperatures. 
Changed oil properties are to be expected once oxidation gets 
under way. Oil becomes corrosive toward some metals. Vis- 
cosity and neutralization number increase, color darkens. 
Later, insolubles form and deposit. Rate of this reaction de- 
pends on time, catalysts (such as water, metals), aeration, 
type of oil, service temperature. Oxidation rate is modest for, 
say, steam-turbine lubricants which operate at 130-140 F, in 
contrast to i-c crankcase oils which may run over 250 F. 
Complete oxidation reaction is quite complex. Brief- 
ly, unstable oxy materials labeled hydroperoxides form when 
oxygen and hydrocarbon join. These oxy materials start de- 
composing, meanwhile regenerating, in a sort of chain re- 
action, additional material that is even more susceptible to 
oxidation. You can expect oxidation rate to double for each 
18-F rise, go up even faster once some critical region is passed. 
Iron, copper and lead speed up oxidation to varying degrees. 
Oxidation inhibitors are an immediate answer since they 
improve oil’s stability, extend its useful life. But they tend to 
lose effectiveness after they’ve been in service for a time. 
Additives change, too. Some have limited heat stability, 
especially after some use. At high temperatures they break 


down to form sludge and deposits. Here are other changes: 

VI improvers, being high-molecular-weight compounds, tend 
to shear in close clearance — in a vane pump, for example. 
Result is a decrease in effectiveness with time. 

Rust inhibitors, polar by nature, plate out on metal surfaces. 
Rate of additive depletion hinges on amount of water con- 
tamination. and how fast that water can be removed. 

Other additives — detergents, film-strength improvers are 
typical — have a limited, though long, life span. This is a fact 
to keep in mind when scheduling oil-change periods. 

External factors such as contaminants play an impor- 
tant role. The i-c engine is a case-in-point. Here the most 
troublesome contaminants are products of incomplete com- 
bustion, dirt drawn in with induction air, ash-forming material 
in fuel. If allowed to accumulate, these impurities increase 
wear rate, build up deposits in oil lines, ring grooves, piston 
skirts, crankcase. sump. Oil conditioning will help here. 

Field problems point up other aspects of contamination. 
For example, a turbine oil seemed to show well-advanced oxi- 
dation when tested. Actually this was not the case, But another 
oil had been mixed in — a grade with a different neutralization 
number. Additives in the new vil reacted with the old oil, so 
neutralization-number titration vielded a higher value. 

Other contaminants may be a primary cause of wear: 
flyash and coal dust are typical. Water can be a serious prob- 
lem in turbine oils. It usually creeps in via leaky seals and 
oil-cooler coils or condensation from a humid atmosphere. 
Rust contamination can often be traced to poorly protected 
surfaces above oil level in the system reservoir. 


How synthetics stack up 


Man-made lubricants ‘are filling a need in industry, especially 
in areas where the hydrocarbon petroleum oils and greases 
just won’t do. Here is a rundown on the more common types, 
what they are, what they cost: 


Silicones 
Well suited for high temperatures, boast a very high VI 
by conventional standards (see p 7). Cost: between $20 
and $40 per gal. 

Polyglycols 
Used as engine oils, hydraulic fluids, high-temperature 
lubricants. Good lubricity characteristics. Cost: in the 
$2-6 per gal range. 

Silicate esters 
Feature high VI yet weak oxidation resistance above 
400 F. They’re sometimes used as high-temperature 
hydraulic fluids. Today’s costs: $10-12 per gal. 


Phosphate esters 
High rating on oxidation resistance (up to 300 F), lu- 
bricity and fire-resistance. They're being used as F-R 
turbine fluids. Cost? Figure on $3-4 a gal. 
Dibasic-acid esters 
See service as instrument oils. grease bases. special 
hydraulic fluids, jet lubricants. They cost $3-10 a gal. 
Fluoro compounds 
Extremely high oxidation resistance and fire resistance. 
poor VI, good lubricity. If you're buying these com- 
pounds, expect to pay about $200 a gal. 


Fire-resistant turbine lubricants 


Finding a suitable F-R lubricant for steam-turbine-generators 
has received high-level attention in recent years — for several 
sound reasons, Steam temperatures in central stations and 
some industrials exceed the autoignition point of mineral oil, 
700-800 F. Also, the trend is toward ever-larger units. Success 
throughout industry with F-R hydraulic fluids has whetted the 
appetites of utility operators. 

Although a check of fire records shows central stations have 
racked up a fine fire-safety score, utility operators are keenly 
aware of the potential threat if a lubrication line should break. 
a pressure gage or thermometer work loose near a steam line. 

Since the initial wave of interest some ten years back. there 
have been many tests of F-R fluids in turbine-driven boiler- 
feed pumps and on bearings in manufacturers’ shops. Full- 
scale operation in gas-pipeline pumping stations has been 
successful. In each case, the fluid has been a phosphate ester. 

Two questions have plagued equipment builders arid 
steam-plant operators: (1) Will the generator insulation hold 
up if fluid gets by the bearing seals? ‘2: Will the fluids do an 
adequate job of lubricating bearings under full load? 

Present thinking indicates generator insulation is not really 
a problem with the newer insulation systems. Belief is that 
the phosphate-ester fluids will prove no more harmful on new 
insulations than petroleum vil did on the older asphaltic type 
— probably less so. 

Bearing tests are another thing. Although the synthetics 
came through early tests with flying colors ~ even today’s 
tests on thrust bearings are proving out — most recent studies 
pose unsolved problems in the journal bearing at full load. 
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HYDRAULIC FLUIDS 


If you could specify the ideal hydraulic fluid, its charac- 
teristics would read something like this: A good lubricant. 
fully compatible with all presently available bearing mate- 
rials and sealants . . . high VI between -70 and 500 F 
... harmless to commonly used paints, metals, plastics . . . 
viscosity suitable for present hydraulic fits and clearances 

., stable with time and use while offering high resistance 
to mechanical shear . . . long life, fire-resistance. low price 
tag, high availability. This listing is somewhat academic 
since no fluid matches all these requirements. In real life 
you choose trom listing at right. unless you can do with a 
syntnetic non-fire-resistant hydraulic fluid. 

Petroleum oil is the hydraulic fluid in widest use to- 
day. Next to water (which still handles some industrial 
jobs) oil is lowest cost, in plentiful supply. compatible with 
most materials found in hydraulic circuits. Additives can 
further extend the inherent VI. pour point. oiliness. 

No singlé mineral oil fits all conditions economically. 
Operating temperature. leakage rate. amount and type of 
contaminants, fluid costs all come into the picture. A high- 
VI oil is desirable for many hydraulic applications since it 
can be used over a wider temperature range and yet meet 
limits established by the pump manufacturer. Bear in mind 


GREASES 


New developmer:s ere characteristic of the grease indus- 
‘.rulated with new materials to handle 
with the growing number of new 
.s are still going strong. Greases 
1 or synthetic. In sharp contrast 
to the developme ial products for special jobs is 
increasing progress i. muitipurpose greases. 

Greases are classified bs consistency, akin to using 
viscosity for a fluid lubricant, A soft grease, say No. 1 in 
the NLGI (National Luri ating Grease Institute! series, 
might run about Ou. 
trace to 2%, and the ren 
On the other end. a stit z 
run 30% soap and 3‘- 

Multipurpose grease c 
more specialized greases to func: 
of conditions and applications. M:st popular ones have a 


trv: new greases D 


new conditions, Alors 


greases, many vid sta: 
may be of petroleum: ri 


vater ranging from just a 
„ier thickener and additives. 


s properties of two or 
xon over a broader range 


soap base of barium, lithium er sicium complex. 

Barium type is low in cost. offers ¿ood water resistance, 
can operate continuously up to 275 F. It’s well suited for 
most bearings, but high soap content restricts its use. 


Barium grease is not widely availabie today. 

Lithium base handles temperature extremes. has ex- 
cellent water resistance, is easily pumped. Some formula- 
tions boast extremely high mechanical stability. 

Calcium-complex grease has a melting point over 400 F. 
It offers excellent water resistance, also resists breakdown 
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that low-VI oils also make excellent hydraulic fluids; they 
can be used in systems where temperature ranges are nar- 
row (below a ceiling of 150 F). Color, flash point and car- 
bon residue have little or no direct bearing on performance 
but are useful yardsticks for refiner, oil supplier and user. 

W ater-oil emulsions have won a name in recent years 
as fire-resistant hydraulic fluids. They are made by com- 
bining petroleum oil and water in varying proportions; 
suitable additives hold them in emulsion. Because of their 
high water content, steam forms when these fluid emulsions 
hit a high-heat source. Steam then acts as a blanket or 
snuffer to prevent the mineral oil from burning. 

Unlike. most synthetics, oil-water-emulsion fluids are 
normally compatible with all conventional packings and 
seals (exception: butyl-rubber packings). Leather may 
absorb water from the emulsion, tend to swell somewhat. 

Fluid selection starts when you spell out the service 
conditions, Exposed outdoor hydraulic systems will de- 
mand fluid properties far different from an inside system 
facing constantly mild conditions. Leaky, poorly main- 
tained systems (and there are many operating) can live 
with a less costly fluid since losses are constantly being 
replenished. In a tight, well-maintained system, the same 
fluid must be used over a long period and little is added; 
this calls for a higher-quality fluid. Get detailed require- 
ments on lubricity, stability and other properties the pump 
builder recommends, then check with the fluid supplier. 


and softening by working. Don’t confuse this lubricant 
with the calcium-soap grease discussed below. 

Specialized greases lack the wide application scope 
of multipurpose types. The many specialized greases in- 
clude those made with soap base of calcium, sodium or a 
mixture of the two, aluminum or lead. 

Calcium-soap grease offers good water resistance in gen- 
eral plant use up to 160 F. Above this temperature, grease 
loses the water it needs for stability and separates into the 
original oil and hard soap. High-melting-point types that 
hold up to about 225 F are also available. 

Sodium grease is a widely used bearing lubricant, good 
for moderately high temperatures — up to 250-F continu- 
ous. It boasts excellent adhesive and cohesive properties. 

Mixed-base types combine characteristics of calcium and 
sodium soaps. Temperature limits and general operating 
properties vary widely with the mixture of ingredients. 
Stable, oxidation-inhibited greases used in lubricated-for- 
life bearings are often of the mixed-base type. 

Aluminum-soap-base grease is fairly water resistant, has 
tacky or adhesive qualities, can be used up to 180 F. 

Lead soap combines EP characteristics with good water 
resistance. It’s suited for heavy industrial machinery at 
temperatures to 175 F or higher. 

Syntheties are also moving into the field: Many com- 
bine a synthetic fluid with a standard soap; others, such as 
silicones, are all-synthetic. One silicone grease, for ex- 
ample, is recommended for ball bearings at temperatures 
anywhere from —100 to 300 F; a second type covers —20 
to 450 F. They are highly resistant to water, oxidation. 


How fire-resistant industrial hydraulic fluids compare with petroleum oil 


Fire-resistance poses 
need for standards 


Few really standard tests are 
available today to effective- 
ly evaluate F-R fluids. While 
ASTM studies this matter, 
interim tests are used. 
Autoignition point is car- 
ried out in accord with an 
already established ASTM 
procedure for petroleum oil. 
Spray flammability calls 
for heating fluid to 140 F, 
spraying at 1000 psi through 
an oil-burner nozzle onto a 
hot (1200-F) steel plate. 
You can use an oxyacety- 
lene torch, noting flamma- 
bility within a 3-ft zone. 
Othér tests include molten- 
metal ignition, hot-exhaust 


Phos- Chlo- 
Petro- Phos- phate rinated| Water { Water 
leum phate ester hydro- | glycol in oil 
oil ester base carbon} base emulsion 


Specific gravity, 60/60, F 


Viscosity, ssu, at 100 F 
(ASTM D-445-53T and D-446-53) 200* 235" 


Viscosity, ssu, at 210 F 


Pour point, F 
(ASTM D 97-57) 


Water content, % by weight 
(ASTM D-1533-58T) 


Sheli 4-ball wear test 
(1-hr test at 75 C and 600 rpm) 
Scar dia ot 40-kg load, mm, avg 0.70 0.52 1.03 0.76 
Autogenous ignition point, F 
1370 1300 + 1300+ 1300+ 1300+ 


(ASTM D-286-58T, modified) 


Hot manifold test, F 
(SAE AMS 3150B) 


manifold, burning wood 
block, electric discharge 
and compression ignition. 


Spray-fiemmability test 
(USBM Schedule 30) 


Approximate cost, $ per gal $0.60 


“These fluids available in a range of viscosities 


Pass 


$3.50 $3.15 $2.30 $1.00 


Three main components of grease and their working roles 


Oil is basic lubricant 


Oil is generally most important of the 
three components since the grease 
takes on its inherent properties. 
Mineral-oil portion of a grease can 
vary widely in viscosity, type of 
stock, degree of refinement. Synthetic 
fluids are being used to cope with 
operating extremes. 

Oils in grease range from light 
spindle type to heavy residuals. A 
few rules - of - thumb: Medium- to 
high-viscosity oils are generally 
used in greases slated for high-tem- 
perature or slow-speed service, light- 
bodied oils for more modest tempera- 
tures and high speeds. Many believe 
viscosity of oil in a grease should be 
the same as if an oil lubricant (rather 
than grease) were being used. But if 
pumpability is critical, a lower- 
viscosity oil may be in order. 

The old theory compared thickener 
to a storehouse for oil — a sponge 
that gradually gives up its oil content. 
But that theory is being sidetracked. 
Recent thinking looks on grease as an 
intimate mixture of thickener and oil, 
both acting as lubricants. 


Thickener supplies body 


Most common thickener used in 
grease today is soap formed or sap- 
onified by combining a fatty material 
with an alkali. The fat may come 
from an animal, marine or vegetable 
source: tallow, fish oil, cottonseed 
oil are typical. Alkaline portion of 
soap thickener may be oxides or hy- 
droxides of the metallic elements: 
calcium, sodium, lithium, lead, zinc, 
for example. Ability of soaps to crys- 
tallize in fibrous form is the key to oil 
thickening as grease is made. 

Soda, calcium and lithium soaps 
account for the largest volume of 
thickeners in industry today. Calcium 
and lithium are used in multipurpose, 
all three in special greases. 

Non-soap gelling agents are on the 
increase. Inorganic compounds such 
as surface-treated clay or silica and 
organic compounds such as arylurea 
effectively thicken oils, producing 
high-melting-point greases, The non- 
soap thickeners are usually mixed 
with oil and the mix passed through 
a colloid mill to produce an intimate- 
ly dispersed homogeneous grease. 


Additives enhance properties 


Grease made simply from oil and 
thickener is often suitable for more 
modest industrial lubrication require- 
ments, However, additives improve 
certain characteristics of the grease. 
Typical ones are tackiness, oxidation 
stability, consistency stability, load- 
carrying capacity, rust prevention. 
Materials called fillers are also added 
to grease to further extend its proper- 
ties: graphite, molybdenum disulfide, 
asbestos, talc, carbon black, zinc ox- 
ide, clay are typical. In this report 
we consider all materials mixed with 
oil and thickener as additives, since 
they are placed there to improve the 
basic grease, let it work over an ex- 
tended range or extreme conditions. 

Many grease developments racked 
up in recent years are due in part to 
modern additives. Oxidation resist- 
ance has improved at high tempera- 
tures, life expectancy of the grease 
extended 8- to 10-fold. New greases 
suit the range between —100 and 
450 F. Truly effective rust inhibi- 
tors have been produced for calcium- 
and lithium-base greases. 
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Today, many materials are working as solid lubricants 


Inorganic compounds include graphite, molybdenum disulfide, phosphate coatings 


Laminar materials like graphite and molysulfide depend 
for lubricating action on the weak bond between layers. Other 
examples: tungsten disulfide, mica, boron nitride, borax, 
silver sulfate, cadmium iodide, lead iodide. Planes of a 
graphite lubricant must be separated by an adsorbed film 
(usually water, sometimes oxygen or CO3). Otherwise high 
friction results, unless an additive is used. 

No materials in this class give permanent protection against 


Chemical conversion coatings on metal surfaces sup- 
plement other lubricants. Some form at points of incipient 
seizure, a reaction between EP additives and loaded surfaces. 

Phosphate coats (mainly zinc with small amounts of iron 


wear when applied as a rubbed-on film, but molysulfide lasts 
longest. Both graphite and molysulfide are chemically inert 
when free from contaminants, but neither gives corrosion pro- 
tection as a rubbed-on film. 

Soft solids, really not classified as laminar, include lead 
carbonate as a threading compound, tale and bentonite as 
solids in greases. Lead monoxide appears the most promising 
solid lubricant between 430 and 650 C. 


and manganese) can be applied to alloys of iron, aluminum 
and zinc. They’re used in metal forming and working. Others 
are sulfide, chloride, oxide, oxalate. But films in this class are 
thin, often brittle, hard—not ideal solid lubricants. 


Organic materials such as polymer films are also on the job 


Polymer films, relative newcomers as solid lubricants, 
show wide promise. Polytetrafluoroethylene and polychloro- 


Thin film of soft metal on a hard base has some lubricity. 
Example: about 4 x 10-4 cm indium on tool steel. Adequate 


Soaps, fats, waxes include metallic soaps: aluminum, zinc, 
calcium. magnesium, sodium, lithium stearates; fatty acids: 
stearic, palmitic; beeswax, spermaceti wax, synthetics. Most 
waxes and fats can be applied through a lubricating solvent. 
Some materials in this class are self-healing, though at a 


fluoroethylene both give low friction, prevent wear under 
moderate loads and speeds when used as thin films on metal. 


metal film must be thicker than an oily organic, but in either 
case wear life increases with thickness, decreases with load. 


much lower rate of repair than liquid lubricants and greases. 
Microcrystalline waxes, for example, are effective light-duty 
lubricants below their melting points. Others, more chemical- 
ly active, give good results on base metals even above their 
melting points—react with the surface to form a compound. 


SOLID LUBRICANTS seek new uses as dry 


A solid lubricant is simply a solid material placed between 
two moving surtaces to prevent metal-to-metal contact, thus 
reduce friction and wear. Applications for solid lubricants 
lie in the boundary and mixed-film area. In the hydro- 
dynamic region there is no wear—only fluid friction. Yet 
in everyday practice it’s tough to avoid some piercing of 
the oil film. at least on startup and shutdown . . . further 
extending the role of solid lubricants. 

Properties of tke solids will naturally vary consider- 
ably from fluids we discussed on pp 6-7. To reduce friction 
and wear the ideal slid lubricant would have low shear 
strength, high elastic-strain limit, excellent adhesion to 
base material. good film continuity to prevent metal-to- 
metal contact plus self-healing qualities to allow film to 
reform immediately if broker. There would be no abrasive 
impurities. [t is highly improbable that all these will be 
found in any one solid lubricant. 

Life factors for solid films hold only if the film re- 
mains continuous. Moving layers of solid film are going 
through the same internal process of weld-breaking, pick- 
up and transfer that occurs between poorly lubricated 
bearing surfaces, so life of the solid film is not indefinite. 
When the end comes it is characterized by a rapid increase 
in friction and serious galling of the metal beneath. That’s 
why it’s important to design equipment employing solid 
films so film life span falls well within the life of the lubri- 
cating solid. Unfortunately there is no standard test meth- 
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od to evaluate life of a solid lubricating film. But there are 
other properties that must be considered: 

Thermal stability is significant since solids are often 
considered for jobs way beyond the limits of petroleum 
lubricants. Chemical inertness enters the picture—the solid 
lubricant should not react with substrate or atmosphere. 

If melting point is exceeded, strong lateral attraction 
between molecular chains of the solid film is destroyed, 
leaving little to prevent metal-to-metal contact. This means 
the organic solids will lose much friction-fighting ability. 

Heat conductivity comes to the fore when considering 
plastics for solid film or bearings. Plastics don’t conduct 
heat well, so high surface temperatures cause local melting 
and some gathering up of the material. One possible ans- 
wer, at least for plastic bearings, is mixing metal powder 
with the plastic to improve heat transfer. 

Electric conductivity must be considered, Where lubri- 
cants are used on sliding contacts, conductivity must be 
high; low when insulators face rubbing contact. 

Graphite dispersions see service across industry. 
Colloidal graphite is available in water, wax emulsions, 
petroleum oil, castor oil, mineral spirits, other solvents. 

The graphite-water combination is used for lubricating 
dies, tools, metalworking molds, oxygen equipment and 
for wire-drawing. Graphite-oil dispersion handles general 
industrial applications. Graphite-and-solvent is used as 
a parting compound for gaskets; for drawing, extruding 
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in an expanding field, applied in different forms 


Five ways to use solid lubricants 


As additives 
Graphite, molybdenum disulfide and zinc oxide are 
widely used, added to fluids and greases. Surface- 
conversion coatings often supplement other lubricants. 

For incompatible environments 
This area is getting increasing attention, especially 
for threads, valves, seals in rocket-propulsion mech- 
anisms exposed to liquid oxygen. Examples in indus- 
try: bearings exposed to chromium plating; steam; 
solvents; chemicals in pumps, meters, mixers. 

At extreme temperature and pressure 
March into space highlights this area: temperatures 
of sliding surfaces may range from —350 to 3500 F in 
devices now planned, pressures vary from atmospheric 
to full vacuum. Back on earth, bearings on conveyors 
passing through kilns are candidates for the solids, 
as are bearings—regardless of temperature or pressure 
—near surfaces which cannot be contaminated. 

Under intermittent loading 
Where equipment may be stored or sitting idle, lubri- 
cation must be permanent. non-dust-collecting, non- 
corrosive, Fretting corrosion—an ailment met in roll- 
ing bearings exposed to vibration—may be side- 
stepped. Sliding electric contacts are a prime target 
for solid lubricants. 

Where bearings are inaccessible 
Where a bearing can’t be serviced because of its loca- 
tion, solids may work if loads, speeds are reasonable. 


Bonded solid- 
film lubricant 


: enna 
Solid lubricant - 


Binder 


N Conversion coating 


on base metal 


What is a bonded solid lubricant? 


As a class, solid lubricants alone lack power to adhere 
to the surfaces they’re protecting—probably the main 
reason for low wear life of rubbed films. But low ad- 
hesion can be overcome by mixing the solid lubricant 
with a bonding agent. Mixture is generally dispersed 
or dissolved in a solvent, sprayed on, then baked. 
Many organic binders have been tried: corn syrup, 
acryloid, vinyl, acrylic, silicone, alkyd, phenolic and 
epoxy resins, The last two appear most popular to date, 
with silicones favored for some h-t jobs. About 600 F 
is maximum operating temperature for bonded coatings, 
but inorganic binders promise to extend this figure. 
A molysulfide-graphite mixture, bonded with sodium 
silicate onto the race and retainers of otherwise-unlu- 
bricated 204 ball bearings, has increased life from min- 
utes to 240 hr at 1250 rpm, 29 hr at 10,000 rpm, 350 F. 


films, chemical and bonded coatings, additives 


and stretch-forming aluminum and magnesium: as a h-t 
iubricant for conveyor chains and hearings. 
Molybdenum disulfide has grown in the past decade 
from a relative newcomer to a ranking member of the 
broad family of industrial lubricants. Its lubricating action 
-omes from a unique molecular structure. Each lamina of 
the material is composed of a laver of molybdenum atoms 
tanked on either side with a skirt of sulfur atoms. Sulfur 
bonds strongly to metal, so one of the sulfur lavers hangs 
“nto the metal surface. But the sulfur-to-sulfur bond is 
weak, so other side slides easily over adjacent molecules. 
MoS, dispersions can be had in water. polvalkvlene 
elvcol, isopropanol. Petroleum-oil dispersion is recom- 
mended for general use involving EP. high temperature. 
The many application methods can be boiled down 
to five basic schemes: (1) Deposition from a liquid phase 
nv thermochemical action with the metal surface. EP and 
nypoid gear oils deposit compounds of chlorine. sulfur 
and phosphorus in this manner, (2) Solids are dispersed 
in liquids. then carried to the boundary areas—colloidal 
MoS. and graphite dispersions, zinc-oxide greases are 
z<ypical, (3) Chemical pretreatment develops inorganic 
crystalline layers—oxides, sulfides, phosphates. chromates. 
4: Dry solids are applied directly by rubbing. burnishing. 
tumbling, (5) Coatings bond larger quantities of solids. 
However applied, solid-lubricant particles coat the 
suwundaries of actual contact to reduce friction. The lam- 


inar materials such as graphite and MoS». with their lay- 
ered structure, shear easily in the direction of flake flatness 
yet resist pressure and penetration in the other direction. 

Temperature is critical in applying solid as well as 
other forms of lubricants. For example, resin-bonded coat- 
ings deteriorate rapidly as temperatures climb beyond 
about 200 F. This is probably due to softening and oxida- 
tion. Coatings have been developed which promise satis- 
factory life to 600 F, but above this level, binders need 
further improvement. 

SiO, and B0, bonded coatings show relatively high 
friction and wear resistance from room temperature to the 
point where molten glass forms in the wear track—around 
500 F for high-speed operation. As temperature increases 
above the softening point of the glass. wear life decreases, 
first slowly, then rapidly. Although it’s superior to resin- 
bonded lubricants. life of sodium-silicate-bonded lubri- 
cants also decreases with increasing temperature. 

In low-temperature operation, solid lubricants as a 
class are effective down to where organic lubricants be- 
come too viscous or solidify. PTFE (Teflon) and com- 
pounded-PTFE films are satisfactory in liquid nitrogen, 
as are sodium-silicate-bonded molvsulfide-graphite coat- 
ings in liquid oxygen, PTFE films tend to spall off ai 
liquid-nitrogen temperatures, but that can be prevented 
by compounding to decrease the differences between coef- 
ficients of expansion of the coating and substrate material, 
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The never-ending search 
for even better lubricants 


Man's search for effective lubricants is as old as recorded 
history, and so far it shows no signs of slowing down. 
Countless materials have been tried in field tests. discarded 
after their shortcomings became known, replaced by better 
ones, Yet many of today’s lubricants are surprisingly old 
when traced to their origin. 


The Egyptians boiled up a mixture of animal fat and 
calcium soap to grease chariot wheels in 1400 BC. Even 
before that. in 3500 BC, the Chinese used water as a lubri- 
cant (we recently reported on how hard carbide bearings 
and journals take water-lubrication problems in stride). 
Then the Chinese went on to mix vegetable oil and calcined 
lead, which proved out very nicely in 770 AD, Even the 
idea of air as a lubricant was suggested over a century ago. 


The point we are making—sort of a designer's truism—is 
thas current needs help create the product. Problems now 
being evaluated in the broad area of space lubrication were 
barely considered some years back: The need for space 
lubricants just didn’t exist. 


Gaseous lubrication. with air as the lubricant, is in prac- 
tical use today for conditions most lubricants can’t meet: 
high-speed light-load applications like ultracentrifuges, 
high-speed grinding spindles, gas circulators for nuclear 
reactors. Researchers are hard at work on problems 
associated with gaseous lubrication of gyroscopes, dyna- 
mometers, high-speed textile spindles, electric motors, gas 
turbines. jet engines and missiles. 

Air. helium and CO, are about the only gases in active 
use. but many other gases and vapors are being investi- 
gated. In this grouping are halogenated hydrocarbons. 
sulfur hexafluoride, nitrogen, organic vapors. Vapor lubri- 
cation using steam for steam turbines is being studied. 


Radiation-resistant lubricants have come into the spotlight. 
As emphasis is placed on using the atom, the search widens 
for materials that can survive in a radiation environment. 
Today there exists a relatively small but quite definite 
need for radiation-resistant lubricants in nuclear-power 
plants. In many cases reactor designers have been forced 
to avoid use of organic lubricants. New lubricants had to 
be developed; now theyre proving out in service, And 
thus the quest continues ivr better lubricants to meet new 
and challenging jobs of fighting friction. 
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How tough are the problems 
of lubrication in space? 


Initial hurdle is really understanding the outer- 
space environment in which moving surfaces 
and lubricants must work. 

Air temperature after launch drops to about 
—55 F, rises to 260 F at 40 miles. Once vehicle 
is free of atmosphere, side exposed to the sun 
is heated while shadowed side is not. On the 
moon, temperature changes through a 450-F 
range pose problems of heat transfer, fluid 
flow in lubricant. 

Next, assume the lubricating system will 
operate in hard vacuum. This means eliminat- 
ing shaft seals between working fluids and en- 
vironment. Materials with high rates of evapo- 
ration must be avoided; vacuum may cause 
volatile components, adsorbed gases, conven- 
tional oils and greases to evaporate off. 

In deep space you must face up to radia- 
tion: solar rays, cosmic rays and radiation 
from on-board nuclear-power sources. Metals 
and their alloys are fairly resistant but the 
organics are notably susceptible. Within the 
craft, weightlessness is a factor: oils tend to 
creep, hydraulic systems must be closed. 

Not all space conditions can be duplicated 
in a lab — ultimate test will be aboard the 
spacecraft. But lubrication engineers must try 
to think of all angles in advance, to insure top 
reliability once craft is in space or on other 
planets. Lubricant suppliers have spent years 
of hard work on the many space problems. 
National Aeronautics and Space Administra- 
tion, the armed services and some 50 indus- 
trial and research organizations are currently 
tackling lubrication-in-space. 

The answers, although not complete by a 
long shot, are starting to take shape. In the 
solid-film area, a combination of MoS,-graph- 
ite-sodium-silicate is being weighed. Its char- 
acteristics: temperature range between —300 
and 1200 F; undamaged by gamma radiation 
of 5 X 10° roentgens; lubricates under high 
vacuum. Precious metals and ceramics are 
being looked at as load-bearing surfaces. Gas 
as a lubrication fluid is getting serious con- 
sideration. And some propose eliminating lu- 
bricants altogether, replacing them with elec- 
tromagnetic suspension. 

For heavier loads, however (and turbine- 
generators using nuclear energy seem most 
likely source of electric power), the emphasis 
is swinging to liquid-metal lubricants. Likely 
prospects: mercury and Nak. But no ideal so- 
lution is at hand. In space, as on earth, no sin- 
gle lubricant can do it all. 
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Compeed air powers a growing array of tools ¢ 
devices, operates delicate instruments, agitates. ai 
atomizes liquids, blows soot, conveys materi ls. And 
it takes on new jobs every day. oo 

It's hard to find a plant where this versa le powi 
service isn’t put to good use, an engineer who doesn’t 
have responsibility for an air system — large or small. : 
So here, for all Power readers, is a handbook covering 
the compressors that take in atmospheric air and give 
__ it the pressure boost that makes it useful, the auxiliaries 
needed for good compressor operation, the distribution 
system that puts air to work throughout the industrial 
plant. Use it to select and lay out equipment, operate 
and mann your system for top Pe ane 
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High velocity; 
low Static pressure. 


Air compressors have but one diet — atmospheric air. So 
performance depends on its properties. Let’s take a quick 
look at some of them important to compressor operation. 


Atmospheric Air 


Air is a mechanical mixture of gases, mainly oxygen and 
nitrogen. And atmospheric air always contains some water 
vapor. To see how air behaves, remember it consists of in- 
dividual molecules of oxygen and nitrogen, widely separated 
compared with their size. Always traveling at high speed, 
at normal temperatures, they strike against enclosing sur- 
faces and produce what we know as pressure, Fig. 1. 

Temperature affects average molecule speed. When we 
add heat to a fixed volume of air, Fig. 2, molecules travel 
faster. So they hit containing walls harder and oftener. 
This shows up as greater pressure. 

Now if we take a fixed mass of air and squeeze it into 
less space, molecule travel is restricted. There’s no speed 
change, but molecules hit walls with greater frequency. So 
pressure is greater. 

If, instead of a slow squeeze, we compress air rapidly, 
temperature rises as well as pressure. The fast-moving pis- 
ton delivers energy to the molecules just as a bat delivers 
energy to a baseball. Higher molecule speed results, and 
this always means higher temperature. 

Compression efficiency is compared against two theoreti- 
cal standards — isothermal and adiabatic. Neither occurs in 
an actual compressor because of unavoidable losses. Plot 
of compression process on a pressure-volume diagram, Fig. 
5, shows an actual unit works between these two standards. 

Isothermal compression has perfect cooling — air remains 
at inlet temperature while being compressed. Work input 
to compressor, measured by area ABCD, is least possible. 

Adiabatic compression has no cooling; temperature rises 
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- How Compressors Work 


steadily during compression. Discharge pressure is reached 
sooner than with isothermal compression. Since air pressure 
is higher during every part of piston’s stroke, more work 
input is needed, as shown by area ABCE, Fig. 5. 

Intercooling. If compression is divided into two (or more) 
steps or stages, air can be cooled between them. This inter- 
cooling brings actual compression line closer to isothermal 
line, Fig. 6. Area BCDE shows power saved. 

Atmospheric air, as we saw, contains water vapor in 
varying quantities, depending on location, weather, etc. 
Since a compressor cannot separate moisture from its in- 
take air, let’s see how water vapor affects the air delivered. 

Water vapor in atmospheric air exerts a pressure separate 
from that of the air alone. Total atmospheric pressure is 
the sum of the air pressure and the vapor pressure. 

Suppose we have 80-F air saturated with water vapor. 
In this state, the air contains all the moisture it can hold 
at this temperature. Any added vapor would condense. 

If total atmospheric pressure is 14.7 psia, pressure ex- 
erted by air alone must be the difference between 14.7 and 
vapor pressure at 80 F. Latter is same as saturated steam 
pressure at 80 F and shows in the steam tables as 0.507 psia. 
So air pressure is 14.7 — 0.507 = 14.19 psia. 

Partially saturated air contains less than the maximum 
amount of water vapor that can be held. Amount of mois- 
ture is measured by relative humidity. If our 80-F atmos- 
pheric air has a relative humidity of 70% it holds only 0.7 
as much water as it could. Vapor pressure is 0.7x0.507, or 
0.355 psia. Air pressure is 14.7 — 0.355 ==: 14.35 psia. 

Water vapor in air entering compressor leaves as a super- 
heated vapor because its temperature is in excess of that 
corresponding to its pressure. It can be converted to water 
only by cooling to a temperature below the saturation tem- 
perature corresponding to its pressure. 

Immediate cooling of air after it leaves the compressor 
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...how these basic types o modern compressors do their job 


SIX COMPRESSOR TYPES. diagrammed: find many different uses 
“in. modern, industry. Each has: its advantages and gives best 


proves best, because this prevents vapor from reaching 
distribution system. Either air- or water-cooled heat ex- 
changers, called aftercoolers (p 96), are used for this. 


Modern Air Compressors 


Each of the two major design classifications — positive 
displacement and dynamic—has its advantages. 

In positive-displacement compressors, Fig. 7-10, succes- 
sive volumes of air are confined within a closed space, and 
pressure is increased by reducing volume of space. Units 
of this type may be further classified as reciprocating or 
rotary, and these, in turn, subdivided by design features. 

Reciprocating compressors, Fig. 7, suck air into cylinders 
through valves, during the suction stroke. At end of dis- 
charge stroke, air leaves at higher pressure. Separate valves 
are provided for inlet and outlet. 

Sliding-vane rotary compressor, Fig. 8, traps air between 
vanes as rotor passes inlet opening. As rotor turns toward 
discharge port, volume of cell between any two vanes de- 
creases. This causes air pressure to rise to rated discharge 
value. Vanes slide in and out of slots as rotor turns, are 
held against casing by centrifugal force. 

Two-lobe rotary compressor, Fig. 9, has identical impel- 
lers held in a fixed relationship to each other by external 
gears. When impellers rotate, each traps air between its 
outer surface and the casing. When impeller upper tip 
passes top edge of casing it permits discharge to begin. 
Bottom tip of impeller pushes enclosed air into discharge 
piping, compressing it against the backpressure. 

Liquid-piston rotary, Fig. 10, has a round multiblade 
rotor revolving in an elliptical casing partly filled with 
liquid, usually water. When rotor turns it carries liquid 
around with it, the blades forming a series of buckets. 
Because liquid follows casing contours, it alternately leaves 
and returns to the space between blades (twice each revolu- 
tion). As liquid leaves bucket, air is drawn in. When liquid 
returns it compresses air to discharge pressure. 

Dynamic compressors use rotating elements to accelerate 
air, By diffusing action, velocity is converted to static pres- 
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results on jobs where it suits the needs. Wise. choice of com- 
pressor type is one of the keys to years of good performance 


DEFINITIONS 


FREE AIR is air at atmospheric conditions at any specific loca- 
tion, Since altitude, barometer and temperature may vary, this 
term does not mean air under uniform or standord conditions. 


STANDARD AIR is oir ot 68 F with a pressure of 14.7 psia and 
a relative humidity of 36%, Gos- industries usually consider 60-F 
oir as standard, 


DISPLACEMENT of a compressor is volume displaced per unit 
of time, usually stated in cubic feet per minute (cfm). Multistage 
compressor displacement is that of the low-pressure cylinder only. 


CAPACITY is actuat detivery in cfm of free air. 


STATIC PRESSURE of cir is measured so air velocity has no 


effect on the reading. 


TOTAL PRESSURE is that produced by stopping a moving air 
stream. 


VELOCITY PRESSURE is total pressure in a moving air stream, 


minus the stotic pressure. 


INLET PRESSURE is absolute total pressure of compressor inlet. 
DISCHARGE PRESSURE is absolute total! pressure ot discharge. 


INTERCOOLING is removal of heat from air between compres- 
sor stages or stage groups. 


(Adapted from Compressed Air ond Gas Institute definitions) 


sure. Fig. 4 shows basic idea. Total energy in a flowing air 
stream is constant. Entering an enlarged section, flow speed 
is reduced and some of velocity energy turns into pressure 
energy. Thus static pressure is higher in the enlarged sec- 
tion. Dynamic compressors include centrifugals, axials, 
and mixed-flow designs. 

Centrifugal compressors, Fig. 11, usually take in air at 
impeller eye, accelerate it radially. Some static pressure rise 
occurs in impeller, but most is in diffuser section of casing, 
where velocity converts to static pressure. 

Axial-flow compressors, Fig. 12, accelerate air in a direc- 
tion generally parallel to the shaft. Units resemble turbines; 
each pair of moving and stationary blade-rows forms a 
stage. Pressure rise per stage is relatively small. 
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Some typical frame and 


SINGLE-ACTING 


SINGLE-FRAME 


DUPLEX TANDEM (STEAM) 


DOUBLE-ACTING | 


DUPLEX FOUR-CORNERED (STEAM) 


FOUR-CORNERED (MOTOR-DRIVEN) 


Reciprocating Types 


Arrangement of reciprocating-compres- 
sor frames and cylinders varies with 
capacity, discharge pressure, intended 
service, drive, and other factors. 
Sketches above show many of the ar- 
rangements in use today. 


Arrangements 


Single-acting compressors use only 
one end of the cylinder to raise air 
pressure; double-acting units use both 
ends of the cylinder and discharge 
twice as much air per cylinder per 
revolution of the crankshaft. 

Single-stage compressors raise air 
pressure from inlet to discharge on 
each working stroke of the piston in 
each cylinder. Two-stage units use one 
cylinder to compress air to an inter- 
mediate pressure and another to raise 
it to final discharge pressure. When 
more than two stages are used, the 
compressor is called a multistage unit. 

Vertical compressors and herizontal 
units are arranged as shown. Angle 
type are multicylinder with one or 
more horizontal and vertical compres- 
sing elements. Single-frame (straight- 
line) units are horizontal or vertical, 
double-acting, with one or more cylin- 
ders in line with a single frame having 
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one crankthrow, connecting rod and 
crosshead. 

V or Y type are 2-cylinder, vertical, 
double-acting machines with cylinders 
at some angle with vertical, usually 
45 deg. Single crank is used. Semi- 
radial compressors are similar to V or 
Y type but have horizontal double- 
acting cylinders on each side. 

Duplex compressors have cylinders 
on two parallel frames connected 
through a common crankshaft. In 
duplex-tandem steam-driven units, 
steam cylinders are in line with air 
cylinders. Duplex four-cornered steam- 
driven compressors have one or more 
compressing cylinders on each end of 
frame and one or more steam cylinders 
on opposite end. In four-cornered mo- 
tor-driven units, motor is on a shaft 
between compressor frames. 


Elements 


These are, briefly: (1) cylinders, 
heads, pistons, inlet and discharge 
valves (2) power-transmitting parts, 
including piston and connecting rods, 
crosshead, crankshaft, flywheel (3) 
lubrication system (4) cooling system 
(5) controls. First three groups are dis- 
cussed on this and next three pages. 


Cylinders. Drawings opposite show 
some typical designs. Valves may be 
in cylinder or in head. Water-cooled 
compressors have jacketed bores; air- 
cooled units have fins cast integral 
with cylinder. Cylinder material de- 
pends on discharge pressure: cast iron 
or steel up to 1000 psi, forged steel or 
alloys for higher pressures. Integral 
cylinder barrels permit at least one 
reboring without weakening walls. 

Pistons are usually semi-steel, close- 
grained cast iron, or aluminum. Trunk 
pistons, without crossheads, are used 
on single-acting compressors. Double- 
acting pistons are solid or hollow, with 
box or truncated shapes. Crosshead 
construction permits sealing compress- 
ing element nearer running gear. Pack- 
ing to prevent air leakage along piston 
rod may be metallic, composition, car- 
bon or fibrous, depending on service. 
“Oilless” compressors use carbon pis- 
ton rings or liners, instead of metal, 
need no cylinder lubrication. 

Valves of automatic type open and 
close on pressure difference. They con- 
sist of a plate, channel or strip with a 
seat and guard. Certain types are fitted 
with springs. Some designs of single- 
acting compressors have cam-operated 
poppet-type inlet valves. 


CYLINDERS AND JACKETS 


a 


TI 


4ORIZONTAL compressor cylinder: triple VERTICAL compressor cylinder with sep- AIR-COOLED 2-stage compressor has fins 
walls, valves in head, jacket handholes arate heads, water-cooled stuffing box on cylinders for greater radiating area 


PISTONS AND RODS 


4OLLOW double-acting piston with lock STEEL piston rods here are press fits, TRUNK pistons for 2-stage air-cooled 
s+ top, easily taken off rod for checks secured by jamb nuts on top of piston compressor. Three run on one crank throw 


SUCTION AND DISCHARGE VALVES 


CHANNEL valve, top, has shaped ele- PLATE valve is fitted with cushioning POPPET intake valve here is operated by 
ments; strip valve, bottom, flat ones springs to make sure plates seat gently a push rod and rocker arm from camshaft 


SINGLE SHOE, at A, takes downward rod FORK-END connecting rod, A, has wedge SPLIT-BLOCK type, A, is wedge adjusted. 
=rust. Other designs have two shoes, B adjuster. B has roller, needle bearings B has double heavy-duty roller bearings 
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RECIPROCATING TYPES continued 


Stationary wo 


Standard stationary compressors, intended for installation 
on more or less permanent foundations, are built in a num- 
ber of types: (a) Vertical or V single-acting units, either 
air- or water-cooled, and single- or 2-stage, are available 
in sizes up to 150 hp. (b) Double-acting units, of vertical 
V, Y, semi-radial or right-angle types, and single-stage or 
multistage, come in 60-hp and larger sizes. They are water- 
cooled. (c) Double-acting units of single-frame type, hori- 
zontal or vertical, single-stage or multistage, range in size 
up to 125 hp, are water-cooled. (d) Duplex horizontal 
double-acting compressors, water-cooled and single-stage 
or multistage, run 75 hp and larger. Photos on these two 
pages show a few of typical designs available today. 

Single-Acting. Fig. 1 and 2 show two examples of this | 
design. Vertical unit, 1, mounts on its receiver, is air-cooled. Pe 
Single-stage, its maximum pressure rating is 150 psi in the ; f E ; 
%- to 15-hp range. Two-stage air-cooled tank-mounted | Single-stage single-acting air-cooled compressor, with a 
units are available for pressures to 200 psi. 150-psi pressure rating, 1/,- to 15-hp range, is on receiver 

Water-cooled unit, 2, has motor, compressor and radiator 
on a single bage for direct mounting on plant floor. Pressure 
rafing is 100 psi, capacity to 420 cfm at 100 psi. 

Double-Acting. Right-angle crosshead-type 2-stage water- 
cooled unit, in Fig. 3, is rated at 80 to 125 psi with a dis- 
placement of 2397 cfm at 350 hp. Vertical V unit, Fig. 4, 
has a normal pressure rating to 125 psi and a displacement 
of 368 to 1828 cfm, depending on number of cylinders. 

Single-frame units like that in Fig. 5 are built in a wide 
range of capacities for normal 100-psi plant service. Drive 
is usually an electric motor. 

Duplex compressor, Fig. 6, offers capacities from 350 to 
10,000 cfm, at pressures from 80 to 125 psi. 

Other Types. In addition to types mentioned there are 
a number of other designs widely used for various jobs. 
Multistage, multicylinder, opposed units, Fig. 7, are built 
for pressures to 6000 psi, ratings to 5000 hp. 

Oilless compressors, Fig. 8, are used where air free from 
oil is needed. Design shown has a carbon cylinder liner 
backed with steel. Piston rings are metallic. Compressor 
cylinder needs no lubricant. Other designs have a tail-rod 
and bearing to make piston free-floating; piston rings are Vertical V unit has two or four cylinders, depending on 
made of carbon. Another construction has carbon pistons. capacity desired. Pressures range to 125 psi, cfm to 1828 

Engine-driven compressors, Fig. 9, have a vertical or V 
engine (gas or diesel) driving horizontal compressor pis- 
tons, in double-acting cylinders. 

Another type of compressor popular in some plants is 
Similar in design to locomotive air-brake units. Steam- 
driven, it mounts on wall, takes but little space. 


Sa -Diesel cylinder 


Arc. aut. 


Shy! Exhaust 


Free-Piston Compressors 


These compact, relatively vibration- 
free units now. find commercial use in 
Europe. Diagram shows one arrange- 
ment, with opposed-piston diesel cylin- 
derin cénter, air cylinder at ends. For 


details, see Power, Feb 1951, pp 84-86. 7 Multistage, multicylinder, opposed unit is built for pres- 
: sures to 6000 psi. Other types also handle high pressures 
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2 “Package-type’’ compressor has components on a single base Another package-type compressor has its cylinders at right 
for easy mounting directly on plant floor, is water-cooled angles, takes little space. Water-cooled, 2-stage, 350-hp 


a- 


5 Horizontal single-frame units like this are built in wide Duplex double-acting compressor is typical of designs in 
range of capacities. Normal pressure rating is 100 psi this type for 80 to 125 psi. Made in wide capacity range 


lL, 


8 Oilless compressor uses no lubricant in cylinder, discharges This V-type gas engine drives horizontal air compressor; 
oil-free air. Cylinder liner is carbon, backed with steel two units are combined in a single frame for compactness 
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SLIDING-VANE design traps air between 
vanes, compresses by reducing volume 


Rotaries 


Rotary compressors, as we saw ear- 
lier, are positive-displacement units. 
Diagram, above, shows events in one 
revolution of a sliding-vane unit. De- 
pending on design, cooling may be 
with atmospheric air, oil or water. For 
pressures to 50 psi, one stage is used, 
two stages for higher pressures. Ca- 
Ppacities range to about 5000 cfm. 
Some compressors of this type have 
rings around the vanes to keep them 
from bearing on cylinder walls. Others 
have vanes bearing against cylinder. 
Lobe Types. Two- and three-element 
positive-displacement designs, right, 
have capacities from 5 to about 50,000 
cfm. Pressures above about 15 psi are 
obtained by operating two or more 
units in series. Impellers are straight, 
as shown, or slightly twisted. 
Liquid-piston compressors, right, han- 
dle up to about 5000 cfm. Single-stage 
units can develop pressures to 75 psi; 
multistage designs are used for higher 
pressures. Water or almost any other 
low-viscosity liquid serves as the com- 
pressant. For exacting services, com- 
pressor may be sealed with chilled 
water to prevent condensation in lines. 
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CUTAWAY VIEW of a sliding-vane rotary compressor showing water-jacketed 
cylinder, rotor with axis eccentric to that of cylinder, vanes that move radially in slots 


TYPICAL SLIDING-VANE COMPRESSOR has three points in cylinder, one in each head, 
that get oil from force-feed lubricator driven from either motor or compressor shaft 


TWO-LOBED impellers rotate in opposite 
directions, carrying the air with them 


20 40 60 80 100 
Pressure rise, % 


CHARACTERISTIC curves for a constant- 
speed two-impeller-type air compressor 


LIQUID-PISTON unit has shrouded vanes 
rotating in casing, no metallic contact 


(6) Q 
O iỌ 20 30 40 50 60 70 80 
Pressure, psi 


TYPICAL PERFORMANCE curves for single- 
stage liquid-piston unit show power, cfm 


Centrifugal Compressors Can Supply Large Volumes of Air 


System choracteristic 
(pipe & fixed resistance) 


l- Velocity scale - 


Frictions | 
31 /oss and io 
velocity \27 ^ r 
head § Pa 


Pressure 


Max press. 


A 
a Ie creer 
<2- RLE (pipe only) 
F Inlet volume 
PRESSURE and. velocity relationships of OPERATING. FACTORS. governing the 
air in a typical centrifugel compressor action of a. centrifugal at a. fixed load 


Discharge 
pressure,psig 


Pressure 


300 - 
Vu Vh 6 8a io IR "i ie i 
: ; : Inlet volume ;I000 cfm 
4.3 FLOW through centrifugal compressor VOLUME and pressure relationships of a CHARACTERISTIC curves for a. constant- 


7.cws paths shown in. this ‘drawing ” centrifugal compressor at various speeds speed machine driven by electric motor 


Pa 


Inlet volume 


Centrifugals 


-7 centrifugal compressors, air travels essentially radially. 
-70k at the section above and the related diagram in which 
~ressure and velocity are plotted against radial travel. 

How Centrifugals Work. Centrifugal action of impeller 
7roduces some pressure rise (BC) and a big increase in air 

s.ocity (EF). In the diffuser (Bı in section), velocity 
-nergy is converted to static pressure. Velocity falls from 
< to G, pressure rises from C toD. 

Pressure-volume curves for centrifugal compressors re- 
::mble those shown, above center. Each curve is for a dif- 
irent compressor speed. Unit running at speed M delivers 

zume Vu at pressure Pw (point A). Increasing speed to 
7 raises volume to Vx at Px or old volume Vs can be 
ceiivered at higher pressure Pu. 

Curves, top right, show how compressor runs when dis- 
:zarging through a pipe to a system with constant resist- 
ince, and through pipes only. If discharge pressure falls 
-210W Pi, operation may be unstable. 

Pressure delivered by a centrifugal is practically constant 
-ver a relatively wide range of capacities. As a close ap- 
z7>ximation you can consider shaft hp to vary as the cube 
:1 compressor operating speed if characteristics of system 
ato which unit discharges are held constant. 

Pumping limit, also called surge point or pulsation point, 
: iower limit of stable operation. Percentage stability is 

-- minus the pumping limit in percent of design capacity. 

Multistage centrifugal compressors handle 500 to more 
tran 150,000 cfm, at pressures to 150 psi. For pressures 
-zder about 35 psi, centrifugal units are usually classified 
zs blowers. Except in smaller sizes there is little mechanical 
=:%erence between blowers and compressors. 


LONGITUDINAL SECTION of 4-stage centrifugal suitable for 
supplying large quantities of air. Discharge pressure to 150 psi 


ROTOR for typical multistage centrifugal compressor. tmpel- 
lers are of enclosed (fully shrouded) single-suction design 
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ROTATING TYPES 


continued 


poles “cae we 


CROSS SECTION of an axial-flow compressor suitable for han- 
dling large quantities of air. Note straight-through flow path 


8 3 


D 
O 


Pressure rise, % 


40) 


Discharge 


Axial-Flow 


In axial-flow compressors, air moves 
generally parallel to the shaft axis, 
diagram above.Single-stage axial blow- 
ers have capacities from a few cfm to 
more than 100,000, at pressures from 
less than one to several psi. Multistage 
axials compress air to 150 psi or more. 
Some special machines handle over 
one million cfm. Pressure rise per 
stage is generally relatively small so 
units for higher pressures frequently 
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have a considerable number of stages. 

While centrifugal machines deliver 
practically constant pressure over a 
considerable range of capacities, axials 
have a substantially constant delivery 
at variable pressures. In general, cen- 
trifugals have a wider stable operating 
range than axials. 

Because of their more or less 
straight-through flow, axials tend to 
be smaller in diameter than centrifu- 


Peok pressure- | 
rise curve ——~ 2 


fil . 
Ur" bdo” 

AS 

wh 


gals, and are apt to be longer. Efficiency 
of axials usually runs slightly higher. 

To prevent surging at extremely low 
loads, large-capacity axials are some- 
times fitted with a blowoff system that 
discharges excess air to the atmosphere. 
With this hookup there is always 
enough air passing through the machine 
to keep it in stable range. 

Because of difficulty in accurately 
predicting the characteristic curves of 
centrifugal and axial compressors, only 
one capacity and one discharge-pres- 
sure rating, together with corresponding 
power input, are normally guaranteed. 
Shape of the characteristic curve may 
be indicated but is never guaranteed. 


cH 70. i 


ot 


TURBINE-DRIVEN large-volume low-pressure axial compressor. ASSEMBLY of an 11,000-hp axial-fiow air compressor designed 


Four-stage, it handles 50,000 cfm. Note axial inlet at right to handle large volumes of air. Note construction of the rotor 


0 60 80 100 nO 
Inlet flow, % 
PRESSURE-VOLUME characteristic of axials is steep, making 


them well suited to fixed-volume large-pressure-change jobs 


o> 
MOTOR-DRIVEN portable design for. plant 
maintenance ‘work. supplies. 150-psi..air 
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Portables 


Zortable compressors find ever wider use in industrial 
ziants for maintenance, spray painting, filter cleaning, tire 
ating, and many other tasks. Smaller units are easily 
~oved about by one or two men for spot jobs of all kinds. 
Having portables on hand prevents overloading the main 
air system when a lot of maintenance work must be done 
:7 other peaks occur. And, of course, portables are still the 
:id standby in all types of industrial construction. 

Completely self-contained, portables may be skid-, truck- 
ız tractor-mounted, or may have two or four wheels, with 
zr without springs and tires. 

Standard portables are rated for 100-psi discharge pres- 
sure at sea level. Sizes are stated in model numbers, cor- 
responding to compressor capacity in cfm of free air 
zelivered at 100 psi at sea level. Model 60, for instance, is 
sated at 60 cfm, Model 105 at 105 cfm, Model 600 at 600 
zim. Maximum standard capacity is 600 cfm. 

Most portables available today are reciprocating units, 
zriven by either gasoline or diesel engines. One type, how- 
ver, uses a 2-stage sliding-vane rotary compressor. Port- 
2dles designed specifically for in-plant use may be driven 
zy gasoline, diesel engines or electric motors, whichever 
works out best for a given plant. 

Self-propelled compressors, of the tractor type, may prove 
more useful than straight portables in large industrial 
piants. Many different auxiliary parts can be fitted to 
them. These include a-snow plow, front-end loader, rotary 
brush, rear winch, booms of different lengths, post-hole 
digger, lawn mower, portable scaffold, earth auger, back 
zoe, and other useful devices. 

Similar units are also available in crawler designs with 
steel tracks for towing, climbing or pushing, besides sup- 
plying compressed air. Standard model numbers for porta- 
bles apply to self-propelled units, too. 

All present-day designs of portables and self-propelled 
units include compressor, prime mover, and air receiver, 
complete with cooling, lube, regulating and starting systems. 


PORTABLE COMPRESSOR rated 600 cfm is a 2-stage diesel- 
driven sliding-vane rotary. Light, compact, it is easily towed 


_ for 70-80 psi. Drive. is gasoline, engine. (or motor) 


TRAILER-MOUNTED portable, single-stage. air-cooled 


LOW-SLUNG shop truck has two pneumatic-tired 
wheels and a caster wheel, is easily hauled around ay 


CRAWLER-TYPE self-propelled compressor can be fitted 
with many tools; is useful in large industrial plants 
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AIR-COOLED AFTERCOOLER 


“EVAPORATIVE AFTERCOOLER : ae 4 


INTER- AND AFTERCOOLERS 


Compressor Accessories 


Heart of any air system is the compressor, but a number of 
auxiliary devices are needed. Some, like inter- and after- 
coolers, may come as part of the compressor; others, like 
separators, are accessories, usually come separately. 

Intake-air filters prevent dust and other atmospheric 
impurities from entering compressor. Dust, for example, 
may cause sticking valves, scored cylinders, excessive wear. 

Sketches, above left, show several typical filter designs. 
Viscous-impingement types—rectangular or cylindrical— 
are packed with fine strands of wire coated with oil. Air 
passing through impinges on wires, oil film traps dust. 
Oil-bath filters have a reservoir of oil agitated by incoming 
air. Oil-coated dust collects in oil reservoir. 

In traveling-screen filters, air lows through a screen con- 
tinuously coated with oil by passage through a reservoir. 
Dust caught on screen is washed off in oil bath. 

Dry-type filters have felt or other filtering media held in 
rectangular or cylindrical frames. Some types of filtering 
materials may be vacuum cleaned, others are designed to 
be used just once, in throwaway elements. 
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Inter- and Aftercoolers. Atmospheric air, as we saw earlier 
(p 86), contains moisture. And in passing through com- 
pressor, air may pick up atomized oil. So discharge air 
usually carries water and oil vapor, and is at an elevated 
temperature as a result of the compression process. 

Water that reaches air tools may wash away lubricant, 
causing excessive wear. It may also reduce pipe capacity 
by collecting at low points, where it may freeze in cold 
weather. Water hammer may also be a problem. 

Oil in air can damage rubber gaskets and air hoses, plug 
discharge piping if it carbonizes. It’s objectionable in some 
jobs— paint spraying, cleaning of electrical equipment, agi- 
tation of liquids. 

One way of removing water and oil vapor is to cool air. 
When done between stages in a multistage compressor, an 
intercooler is used. It may be either a water-cooled shell-and- 
tube unit for large compressors or a finned-tube air-cooled 
type for small units. Water and oil are often collected in 
a trap at cooler’s discharge end. Gage glass shows water 
level and a drain connection is provided. Besides removing 


SEPARATORS _ 


unwanted vapors, intercooling also reduces power input to 
compressor—see p 86 for details. 

Aftercoolers reduce temperature and moisture content of 
air leaving the compressor's last stage. These may be water- 
or air-cooled, like intercoolers. Evaporative aftercoolers 
cool both air and compressor cooling water. 

Sketches, above, show several typical designs of after- 
coolers. Many water-cooled units incorporate a separator. 
Temperature of air leaving cooler is usually within 2. to 
15 F of cooling water. In some plants today, chilled water 
is used for maximum vapor removal. For drying air to be 
used in pneumatic instruments, silica gel, alumina or other 
adsorbents may be used. These are reactivated by heating 
after they become saturated. 

Separators. Because aftercoolers remove moisture and oil 
only in proportion to their ability to lower air temperature, 
separators are generally used between aftercooler and re- 
ceiver. They are also used in branch lines where there is 
danger of condensation, or where tools or devices served 
need protection of an additional separator. 

Sketches, above, show only a few of the many separator 
designs in use today. Some utilize centrifugal force or a 
sudden change in flow direction to throw out moisture par- 
ticles. Others employ rotating impellers, felt disks, porous 
stone cups or disks to separate moisture. One design has a 
water-cooled condenser in the separator body. 


Traps, above center, are often used at separators, drain 
pockets and in tool lines to discharge condensed moisture. 
Since much air may be lost through traps discharging con- 
tinuously, and since condensation in air lines is not as rapid 
as in steam lines, intermittent-discharge traps are usually 
recommended for air service. 

Air traps closely resemble those for steam service, in- 
verted-bucket, upright-bucket and float types being among 
those used. Traps discharge oil as well as condensed water. 
Of many designs a few are illustrated above. 

Receivers dampen pulsations or pressure waves in com- 
pressor discharge, act as reservoirs and precipitate any 
moisture that may be carried over from aftercooler. 

Large receivers are usually vertical, above right. Small 
ones may be horizontal or vertical, depending on space 
available. Many states require that air receivers conform 
with ASME code for unfired pressure vessels. Receivers 
built in accordance with code are standard size, fitted with 
openings for inspection and cleaning, plugged opening for 
a regulator, and with safety valve, pressure gage and drain 
valve. Construction may be either welded or riveted. Metal 
mounting base is usually furnished with receiver. 

Silencers are available for installations where compressor 
inlet or discharge noise is objectionable. 

Protective devices for compressors take a variety of 
forms. Typical ones are listed and discussed on p 103. 
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RECEIVERS 
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THROTTLING 


STEAM-ENGINE GOVERNORS 


Control 


Compressor controls permit you to 
regulate output to load. For recipro- 
cating units, type depends on drive, 
nature of load and other factors. 
Steam-driven compressors usually 
have combination speed and pressure 
governors that vary air capacity by 
changing speed. They are available in 
two types: (1) Throttling governors 
vary steam pressure, reducing it as air- 
discharge pressure rises. (2) Automa- 
tic-cutoff governors change cutoff point 
of valves in steam cylinder. 
Throttling design, top left, is used 
with manually adjustable cutoff in 
plants having steady supply of exhaust 
steam or where conditions are so near- 
ly constant an automatic-cutoff gover- 
nor would have little chance to func- 
tion. Cutoff is set manually at desired 
point, governor holds constant air 
pressure by varying machine speed. 
One design of automatic-cutoff gov- 
ernor, above left, has a gear-type oil 
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pump, A, chain-driven from main 
shaft. Oil under pressure from pump 
acts on piston B. Any steam-pressure 
change tending to shift compressor 
speed is instantly reflected in an in- 
crease or decrease of oil pressure. This 
causes piston movement, which rotates 
sprocket combination C to reset cutoff 
and restore required speed. Variations 
in air demand acting through dia- 
phragm valve D (connected to receiv- 
er) also affect oil pressure by permit- 
ting some oil to bypass. In these two 
ways, speed is controlled according to 
load demand and steam conditions. 

Motor-driven and other types of con- 
stant-speed compressors usually have 
one of three types of controls: (1) 
Constant-speed control decreases com- 
pressor capacity automatically in one 
or more steps by means of an unloader. 
(2) Automatic start-and-stop control 
uses a starter and pressure switch. This 
control works well where air demand is 
intermittent with long periods of no 
demand and where precise pressure 
regulation is unnecessary. (3) Dual 
control is a combination of (1) and 
(2). It allows continuous operation 


when demani is nearly continuous, 


and autcomet:: start-and-stop when 
demand is low 
Step Control. Two designs of con- 


stant-speed $-step control are shown 


above. Each unicads compressor in 
five steps. reducing capacity from full 
load to 34. *:. *« and no load as de- 


mand decreases. Five-step control is 
almost universal on compressors of 
150 hp cr more. Many smaller com- 
pressors have 3-step controls, Most 
single-acting units (15 to 125 hp) have 
l-step control for unloading. 

With one type of 5-step control, 
above. each end of each cylinder has 
two ciearance pockets fitted with an 
alr-operated clearance valve opening 
into the cylinder bore. When one valve 
is open. pocket volume is added to nor- 
mal clearance volume, This reduces 
intake-air quantity to half that nor- 
mally taken in by that end of cylinder. 
Pocket size is proportioned so when 
both pockets at one end are open, no 
air is taken into that end of cylinder 
when operating at rated pressure. 

Regulator for 5-step control has a 
diaphragm connected to receiver pres- 
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CAPACITY 


CONTROL VALVES 


. « -IN FIVE STEPS OR LESS 


sure to operate a pilot valve. This 
causes auxiliary valves to open and 
close to admit and exhaust pressure 
from clearance-control valves. 

Suction valves as well as clearance 
pockets are used in the 5-step control, 
directly above. Hookup is for a 2- 
stage 2-cylinder unit having one clear- 
ance pocket in each cylinder and an 
arrangement for unloading low- and 
high-pressure cylinders simultaneously. 

Three solenoid valves control ad- 
mission of air pressure to unloading 
elements. De-energizing the solenoids 


admits pressure for unloading. Ener- ` 


gizing solenoids removes pressure from 
unloader, allowing compressor to load 
and discharge air. Automatic initial 
unloading, or unloading during abnor- 
mal electrical conditions, is obtained 
by interlocking the solenoid-valve cir- 
cuit with the motor starter. 

Energizing or de-energizing of sole- 
noids in proper sequence (diagram) is 
under governor control. 

Similar 5-step control for 2-cylinder 
single-stage compressors without clear- 
ance pockets unloads each end of each 
cylinder in sequence. 


VARIABLE-SPEED DRIVE 
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Section A-A 


ADJUSTABLE INLET-GUIDE VANES 


SOME CONTROLS FOR ROTATING COMPRESSORS 


Automatic — start-and-stop controls 
have a simple pressure-actuated switch 
connected to the receiver. Range be- 
tween starting and stopping pressures 
is usually about 20% of cutout pres- 
sure. Pressure-release valve automa- 
tically bleeds or unloads compressor, 
permitting it to start against no load. 

Dual-control schemes have a manual- 
ly operated switch for changing from 
automatic start-and-stop to constant- 
speed control. They prove most eco- 
nomical in plants with heavy and light 
demand periods. 

Rotary compressors may be con- 
trolled by varying speed, by unloading, 
or by the dual method. Illustrated 
above is an automatic intake unloader 
for a sliding-vane unit. 

Pressure developed in some types of 
rotaries depends on system resistance. 
Since most units are designed for a 
specified maximum pressure differen- 
tial, a relief valve is needed on dis- 
charge to protect against an excessive 
discharge pressure. 

Centrifugal compressors are con- 
trolled by three methods: (1) variable 
speed (2) movable internal vanes 


INTAKE UNLOADER FOR 


SLIDING-VANE COMPRESSOR 


-HAND-OPERATED BUTTERFLY VALVE 


(3) suction or discharge throttling. 

Variable-speed control is efficient 
and widely used. It is obtained directly 
with turbines, wound-rotor or dc mo- 
tors. Hydraulic or magnetic couplings, 
or some other variable-speed drive, are 
needed with squirrel-cage induction 
or synchronous motors. 

Inlet-guide vanes, at first impeller or 
at each impeller, can be used to modify 
the performance characteristics of cen- 
trifugals. Such vanes may be made 
manually adjustable or, in some cases, 
automatically adjustable. 

Suction or discharge throttling is the 
least efficient control method. Butter- 
fly valve in inlet line artificially re- 
duces inlet pressure to change output. 
Or butterfly in discharge reduces com- 
pressor outlet pressure. Inlet throt- 
tling is more efficient, finds greater use. 

Axial-flow-compressor control de- 
pends on application. One type, for ex- 
ample, regulates driving-turbine speed 
to maintain constant air flow. Dis- 
charge side of system has separately 
controlled blowoff valve for unusual 
operating conditions that take com- 
pressor out of its stable range. 
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ompressor Selection 


Up to this point, the compressors and 
accessories we’ve covered have not 
been classified for ultimate use. But 
since most power engineers handle so 
called “shop” air systems, we'll con- 
centrate on these familiar plant hook- 
ups from here on. 


Compressor Size 


Compressor selection takes experi- 
ence and judgment, but there are some 
guides that often prove helpful. To 
show how you can use them, we'll set 
up a typical compressor-selection 
problem and solve it. But remember, 
every time you pick a compressor you 
should have the maker check your fig- 
ures from start to finish. 

First step in compressor selection is 
determination of air quantity needed 
and top pressure to operate any air de- 
vice in the plant. Table I gives con- 
sumption of a number of typical air 
tools. You can use these figures for a 
first estimate, or obtain exact values 
from tool manufacturers. 

Most air tools are designed for op- 
eration at 90 psi. Unless maker spe- 
cifically states otherwise, tool perform- 
ance figures and capacity ratings are 
based on an air supply providing 90 
psi at the tool when it’s being used. 

Assume our plant is a new one and 
will use tools listed above. Beside each 
tool put its average air consumption 
in cfm (column a). Obtain this from 
tool manufacturer or Table I. Tabu- 
late in column b the number of tools 
of each type. Then multiply columns a 
and b to find total air consumption of 
each type of tool, column c. 

Load Factor. Few air tools operate 
continuously. As a result, their net 
air consumption is usually less than 
the average value stated by the maker 
or listed in Table I. Ratio of actual air 
consumption to that for full-load con- 
tinuous operation is called load factor. 

Two items are involved in load fac- 
tor. First is the time factor, or percent 
of total time the tool or device actually 
uses air. Second is work factor, or per- 
cent of maximum possible work output 
actually done by the tool. For exam- 
ple, air consumption of a grinder with 
wide-open throttle depends on how 
hard operator pushes it against the 
work. Load factor is thus the product 
of time and work factors. 

As you see, load factor is extremely 
important in compressor selection. For 
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Typical Computation of Compressed-Air Requirements 


: ; ta) tb) te) id) le) 
Tool Air consumption, Number Ait req'd, toad Probable air 
` cfm of fools cfm factor ~ demand, cfm 
i (axb) = iex d) 
Grinding wheel, Gin, 50 5 250 0.3 75 
_ Rotary sander, 9-in. pad 55 2 -119 os 55 
Chipping hammers, 131b 30 8 -240 0.4 96 
Nut setters, 5/4 in. 20 fe) 200 0.6 120 
Paint spray : 10 Tee 10 0.1 1 
Plug drills 40 3 120. 0.2 24 
Riveters, 18 Ib 35 5 175 0.4 70 
Steel drill, % in., 25 Ib 80 5 400 0.4 160 
ie 5 : 601 * 


*To this value must be added allowance for future needs and expected leakage loss, if any. 


a given tool, load factor can normally 
vary from 0 to 100%, depending on 
tool type, its use, production rate, 
operator’s habits, etc. 

Best way to determine load factors 
for a new plant is by consulting the 
tool makers. In a plant thats been 
operating for some time you can use 
past experience as a guide, plus data 
from tool manufacturers. Just be cer- 
tain that load factors you choose rep- 
resent usual procedure in your plant. 
Enter factors in column d, as shown. 
Note: Tabulated values apply only to 
this example and should not be taken 
as representative. Each plant is differ- 
ent and load factors vary considerably. 

Multiply value in column c by that 
in d for each tool. Result, column e, 
is average air demand of each group 
of tools. Add the results in e to get 
total average demand of all tools in 
plant. This sum is a rough indication 
of compressor capacity needed if it 
includes only tools normally used and 
omits those stored in toolrooms or out 
of service for other reasons. 

Leakage. Some plant designers add 
an arbitrary item of 10% for piping 
and tool leakage. This practice isn’t 
approved by the Compressed Air and 
Gas Institute. They recommend tight 
piping and good tool maintenance in- 
stead. 

Remember, compressed-air usage 
tends to increase in most plants. If you 
expect system load to increase soon, 
insert a factor so the compressor you 


buy can handle new loads. It is usually 
more economical to provide additional 
capacity at start than later. 


Special Needs 


Where compressors supply air for 
services other than tools, you must 
consider some other angles. For in- 
stance, air for pneumatic instruments 
must be absolutely clean and oil-free. 
Also, it may be needed at a lower pres- 
sure than for tools—often in the 20-psi 
range. So we find liquid-piston, lobe, 
sliding vane and oilless compressors, 
popular for this service. 

Compressors for soot blowing come 
at the higher end of the pressure scale, 
with a discharge pressure of 500 psi 
common in some plants. By storing 
air in receivers at 500 psi and reducing 
to 250 psi before use, a smaller com- 
pressor can be installed. 

Some of the compressors discussed 
earlier find use in industrial vacuum 
service with little or no change. Under 
these. conditions, intake pressure is be- 
low atmospheric, discharge is atmos- 
pheric or slightly above. 

Your best bet on all applications, 
specialized or not, is to work closely 
with the compressor maker. His long 
experience assures you that the unit he 
recommends will give good service. 

Drive. Motors, gas, gasoline, diesel, 
steam engines, or turbines are used to 
drive air compressors. Choice of drive 
is a matter of economics, involving 


fuel cost. availability, cost of electric- 
:ty, chance of electrical outages, avail- 
ability of steam and a number of other 
factors. Plants needing more than one 
zompressor may benefit by using a 
motor on one, prime movers on others. 

Figures in Tables II-V help in mak- 
:ng an economic analysis. Note the 
cases on which they’re calculated and 
adjust if your conditions differ. Be 
sure to have compressor manufacturer 
check your choice of drive to see if it 
:s entirely suitable for your plant. 


Compressor Type 


Compressed Air and Gas Institute 
gives the following relations between 
pressure and number of stages: 0-150 
psig, single stage; 80-500 psig, two; 
500-2500 psig, three; 2500-5000 psig, 
four stages. These ranges are for usual 
positive-displacement units. 

Before choosing a specific type of 
compressor you must consider a num- 
ber. of factors including: discharge 
pressure required, capacity needed, 
power-supply characteristics, avail- 
ability and cost of cooling water, 
space needed for compressor, type of 
control desired, compressor weight, 
type and size of foundation, and 
amount of maintenance expected. 

Use the general ranges above to 
give a rough indication of number of 
stages for positive-displacement units. 
Send a complete picture of your air 
requirements to several manufacturers 
for their recommendations on type 
and size of compressor that is best 
for your plant and its load. 

Never overlook the help you can 
get from manufacturers when it comes 
to picking a compressor. They will 
gladly give you estimated operating 
costs for different service conditions, 
drives, cooling arrangements, etc. Re- 
member, the average life of a com- 
pressor is usually 20 years or more. So 
every decision you make that affects 
the operating cost will be with you 
for a long time. 

Details given earlier, pp 88-95, 
help you choose between the two basic 
types — positive displacement and dy- 
namic. Once this decision is made 
you can make a further study of the 
characteristics of various compressor 
types to see which one will be best for 
your job. Just remember that the se- 
lection of a compressor is an engineer- 
ing decision that should take every: 
factor into consideration. 

Efficiency. One good measure of 
compressor efficiency is bhp per cfm. 
While efficiency is always important, 
especially when load factor and power 
cost are high, air pressure at tools is 
just as important. We’ll take a look 
at this on the next two pages. 
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- HeCost of Gas fo Compress and Deliver Free Air 


(Cents per 100 cv ft, based-on fuel consumption of 10,000 Btu per bhphr} 


“Bhp per 
100 cfm 
“free air 18 15 20... 

16 0.026 0.039 0.052 

18 0.029 0,044 0.059 

20 0.633 0.049 0.065 

22 0.036 0.054 0.072 

24 0.039 0.058 0.078 

26 0.042 0,063 0.085 

28 oo: 0.045 0,068 0.091 


300 0.049 0.073. 0.098 


Price of ‘gos in cents per 1000 cu ft of 1000-Btu gas 


25 30 35 40 45 


0.065- 0.078 = 0.091 0.104 0117 
0.073 0.088.. 0.102- OTIZ 0.132 
0.081 0.098 = 0314 0.130 0.146 
0.090 0.107- - 0.125 0:143. 0.161 


0.097 0.117 0136 0.156 Q176 
0,106 0.127... 0.148 0,169 0.190 
Q.114 0.137 0.159 0.182 9.205 
0.922 0,146 0.170 0.195 0:220 
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Ill-Cost of Fuel Oil fo Compress and Deliver Free Air 


(Cents per 100 cu ft based on fuel consumption of abou! 0.45 1b per bhphr). 


Bhp per 

100 cfm 

free air 3 4 5 
16 0.050 0:067 0.083 
18 0.056 0.075 0.094 
20 0.063 0.083 > 0,104 
22 0.069 0.092 0.115 
24 0.075 0.100 0.125 
26 0.081 0,109 0.136 
28 0.088 0.117 0.146 
30 0.094 0.125 0.156 


Price of fuel oil (18,500 Btu perth) in cents per gallon 


6 7 8 9 


0.100. 0.117. (0.133. 0.150 
0.113 0.131 0.150 0.169 
0.125 0.146. 0.167. 0:188 
0.138 OT60 «0.183 (0.206 


0.150 0.175 0.200 0.225 
0.163 0.190 0.217 0.244 
0.175 0.204 0.233 0.262 
0.188 0.219 0.250 0.281 


IV—Cost of Gasoline to Compress and Deliver Free Air 


(Cents per 100 cu ft, based on fuet consumption of about 0.75 tb per bhphr) 


Bhp per 

100 cfm 

free air 8 9 10 
16 0.267 0.300 0.333 
18 0.300 0.338 0.375 
20 0.333 0.375 9416 
22 0.367 0.413 0,458 
24 0.400 0.450... 0:500 
26 0.433 0.488 0,542 
28 0.467 0.525 0.584 
30 0.500 0.563 0.626- 


Price of gasoline, cents per gallon 


ae 13 14 15 


0:367 0.400 0.433 0.467. 0.500 
0.413 0.450 0.488 0.525 0.563 
0.458 0.500 0.542 0.584 0.626 
0.504 0,550 0.596" 0.642 0.688 


0.550 0.600 0:650 0.700 0.750 
0.596 0.650 0.705%. 0,759 0:813 
0:642 0.700: 0.759. 0.816 0.875. 
0.688 -0.750 0.813 0.875 0:938 


V—Cost of Coal to Compress and Deliver Free Air 


{Cents per 100 cu ft, based on coal at $1.00 per ton and an evaporation rate of 7.Jb 
water per ib coal. Multiply figures in table by actual coal price in dollars per ton}. 


thp per 

100 cfm 

free.air 26 28 30 
16 0.050 0.053 0.057 
18 0.056 0.060 0.064 
20---> 0.062. 0.067 0.071 
22... 0068 — -0:073 0.079 
24-2 0.074 - 0.080 0.086 
26 2+ O.0BE -0.087 0.093 
28 0.087 0.093 © 0.100. 


30- 0.093 0.100 0,107 


Steam rate of engine in lb per indicated hphr 


32 34 36 38 40 


0.061 0.063 0.068.. 0.072 0.076 
0.069 0.071 0.077 0.081 0.086 
0.076 0.079 0,086 9.690 0.095 
9.084 0.087 0.094 0.100 0.105 


0.097 0.095 0.103 0.109 0:114 
0.099 0.103 VARE 0.118 0.124 
9.107. 0.111 0.120 0.427 0,133 
0.114 0.119 9.129 0.136 0.143 
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System Layout 


First step: Study your plant to see if it would be better 
served by one large compressor in a central location, or 
by several smaller ones in areas needing air. This impor- 
tant decision affects system costs from start to finish. 

Central system, above left, has one or more large com- 
pressors in a more or less central location. Supply piping, 
often in the form of a loop, runs to areas needing air. 

Advantages claimed for central systems include: low in- 
vestment cost per unit of capacity, low unit power cost, 
chance to use synchronous motors to correct power factor, 
good pressure regulation, minimum wiring for motor drive. 

Unit system, above right, has compressors spotted in areas 
using air. In the usual plant, each compressor serves the 
area in which it is located, with only emergency connec- 
tions between the different areas. 

Advantages cited for unit systems include: low initial 
investment, less pressure loss in piping, reduced engineering 
and planning, simpler installation, greater flexibility, easier 
financing of plant expansion, simplified purchasing. All 
these are fully discussed in Power, Jan 1953, pp 75-77. 

Study Needed. There are no simple rules to use in choos- 
ing a system. Each plant must be analyzed separately and 
the decision based on the results. For many years central 
systems have been popular in large industrial plants, and 
have given excellent service. Unit systems, while used in 
both large and small plants, are newer and are not yet as 
extensively applied in large plants. 


Compressed-Air Piping 


Regardless of compressor or distribution system chosen, 
piping is of major importance in every setup. Because pip- 
ing conveys air from high-pressure source (compressor) to 
point of use (tool), it can be a definite help or hindrance in 
plant operation. 

Good piping design limits pressure drop between compres- 
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sor and tool because low pressure at the tool cuts produc- 
tion. We haven’t space for a complete rundown on all angles 
of piping design but here are some helpful pointers: 

Intake, Discharge. Have intake pipe at leas: as large as 
compressor intake opening. For every 10 ft of run from 
compressor, make line diameter one inch greater. Keep air 
velocity in intake below 2500 fpm. This cuts friction loss. 

Make discharge line at least as large as compressor out- 
let opening; use as few bends as possibie. Be sure run is 
short and direct. Fit valved drain to lowest point of dis- 
charge line and in any pockets formed by piping. 

Support intake and discharge piping sco vibration and 
strain don’t reach compressor cylinder. aftercooler or re- 
ceiver. Use gate-type shutoff valves in air lines to keep 
friction loss low. 

Distribution Piping. Line from receiver to point of use 
is generally sized so pressure loss is reasonable — below 5 
psi. Provide outlets on each header or main for connection 
of hoses to air-operated tools or devices. Fit outlet to top 
of pipe so moisture won't drain from main into hose. If 
several tools connect to one outlet, be sure it is big enough 
to prevent excessive pressure loss. Sketch. above, shows a 
typical main with connections for several tools. 

Always remember: Low air pressure at tools can cause a 
tar greater loss in plant income than a few points in com- 
pressor efficiency. Next to low pressure. moisture and solids 
are the worst enemies of good air-tool operation. Make full 
use of separators, strainers. traps. drop legs. 

Intake location is of prime importance because high tem- 
peratures reduce compressor output. as Table I shows. See 
that intake is as far as possible from heat, dirt and mois- 
ture sources and not too close to building walls and win- 
dows. Put intake on north side of building, if possible. 

Receivers that are sized liberally reduce compressor load- 
ed periods and insure more thorough cooling of air before 
it reaches tools. Use ASME standard receivers and fittings 


... then pipe air tools properly 


except where local codes differ. It is a good plan to install 
extra receivers near points of heavy usage to insure ade- 
quate volume and pressure, and smooth out flow in supply 
mains and branches. 

Safety devices are needed to protect personnel and equip- 
ment from excessive pressure and other conditions that lead 
to trouble. Table III lists typical devices used in large 
plants; many would not be justified in small installations. 
Even the simplest system, however, is always fitted with a 
pressure-relief device of some sort on the discharge side. 


Compressor Cooling 


Good cooling is essential to good operation. Though air- 
cooled compressors may run satisfactorily in warm areas, 
make every effort to put them in cool spots. Capacity will 
be greater and there’ll be fewer operating problems. 

Suitable strainers in main water-supply line to water- 
cooled compressors protect against solids. Run piping so 
it won’t interfere with maintenance work on cylinders and 
drive. Put drain valves at all low points so entire system 
may be drained during shutdown in freezing weather. 

Fit each cylinder and intercooler with its own regulating 
valve, even though an automatic valve starts and stops 
water flow to compressor. Put such valves on inlet side, 
with outlet free to flow into an open funnel or sight glass. 

Cooling water should enter cylinder or intercooler at 
bottom, leave from top. This keeps jackets full and helps 
eject any air. A check valve between cylinder and inter- 
cooler above it keeps water from draining back into cylinder 
when unit is shut down. 

Extremely cold water may cause condensation on cylinder 
walls. This destroys lubricant, increases wear. To avoid 
this, pass cooling water through intercooler first, then to 
low- and high-pressure cylinders in turn. 

Table II shows recommended water quantities. With 
them, temperature of air leaving intercooler or aftercooler 
will be within 20 and 15 F, respectively, of the temperature 
of water entering the cooler (for ordinary plant loads). 

Use enough plugged fittings in water lines to cylinders 
and coolers to permit cleaning jackets and tubes with an 
air hose or with a caustic-soda solution. 
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| — Effect of Initial or Intake Temperature 
on Delivery of Air Compressors 


{Based on a nominal intake temperature of 60F) 


Initial temperature, Relative Initial temperature, Relative 

F F, abs delivery F F, abs delivery 
— 20 440 1.18 70 530 -980 
-10 450 1.155 80 540 961 
0 460 1.13 90 550 944 
10 470 1.104 100 560 928 
20 480 1.083 110 570 912 
30 490 1.061 120 580 896 
32 492 1.058 130 590 .880 
40 500 1.040 140 600 866 
50 510 1.020 150 610 852 
60 520 1.00 160 620 838 


ll — Cooling Water Recommended for Inter- 
coolers, Cylinder Jackets, Aftercoolers 


Gpm per 100 cfm actypl free air 


Intercooler separate ...... 0... cc cece cece wees 2.5 to 2.8 
Intercooler and jackets in series ...........0005 .2.5 to 2.8 
Aftercoolers: 

80-100 psi, 2-stage .......... eee eT «1.25 

80-100 psi, single-stage ............. PER 1.8 
Two-stage jackets alone (both) .............0.00s 0.8 
Single-stage jackets: 

AOP cia: s oes E celeron ey one eh Oe +06 

60 psi ee eae EER Wie gets ane ese aie 0.8 

BO! Pir sere alee aana Vaa a oai E EA 1.1 

WOO! PEI sce eres ab secie. trad Koa ee EEEE 13 


lil — Typical Compressor Safety Devices 


Name Function 


Relief valves On compressor discharge side to relieve 
excessive pressure, Don't use any shut- 
off valves between compressor and the 
safety valve 


Overspeed Trips out drive when compressor ex- 
shutdown ceeds predetermined safe speed 

Oil-failure For large compressors fitted with pres- 
shutdown sure lubrication, this device protects 


bearings by stopping unit when oil 
pressure fails for any reason 


Jacket-water Shuts down compressor if water pres- 
valve sure fails. It is operated by either pres- 
sure or temperature 


Over-pressure Stops compressor when discharge pres- 
shutdown sure goes above pre-set safe value 

Excessive- For isolated compressors this gives pro- 
temperature fection against high discharge tempera- 
shutdown iure by automatically stopping unit 
Main-bearing Thermal shutdown devices stop compres- 
protection sor if bearing temperature goes too high 
Multistage Recording thermometers for each stage 
temperature are good for this, give continuous read- 
Protection ing of each stage's outlet temperature 
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Operation & Maintenance 


Your best guide to compressor operation and maintenance is the manufac- 
turer’s book. Too many operators file instruction books when they arrive 
and then promptly forget them. This is just too bad, because compressor 
builders put much time. energy and money into producing usable books 
that will answer most of your questions. 

Start by following carefully the installation instructions for your com- 
pressor and its auxiliai'-s. A job that’s installed right saves you many 
future headaches and insures topnotch performance. 

Once a compressor is on the line and working right, regular inspection, 
lubrication and overhaul are chores that pay big dividends if done well. 
Here again, your best guide is the instruction book. It deals with your com- 
pressor exclusively, and is based on long experience. 

Lastly, remember that many steps taken during system planning have 
direct effects on operation and maintenance. So plan your system well, 
working with a consulting engineer and the manufacturer whose compres- 
sor you intend to use. 

If you live by these simple rules, troubles will be rare. If they do pop up, 
use the trouble-shooting hints above to give you a lead. Then turn to your 
instruction book for detailed information on cures. 
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speed scenes: Intake filter; worn pis- z 2 - 
“ten and rings; leaky tylinder-head 
gasket; belt ‘slips; Intercooler leaks a 
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Why metals corrode 


Corrosion types 


Tools for the job 


Combatting corrosion 


Corrosion testing 


Anti-corrosion programs 


ORROSION 


Look at your plant through the eyes of a corrosion 
engineer and —if you don’t now have a corrosion- 
control program — chances are you’d come up with 
enough corrosion-cost-cutting ideas to pay for your 
efforts many times over. 

In coming to grips with the problem you’d tap 
know-how from many quarters — metallurgy, chem- 
istry, electrical engineering, even geology and meteor- 
ology (in studying soils and weather effects on cor- 
rosion). Some of the weapons you’d use have been 
around for years. But you’d probably consider many 
of these newer ones too: 

Latest corrosion-resistant metals, although they 
generally cost more to begin with, soon pay for them- 
selves by standing up against corrosive waters, high 
temperatures, chemical attack. 

Inert barriers, many of them today’s newest syn- 
thetics — silicones, epoxies, vinyls — bring corrosion to 
a dead stop by setting up an impregnable wall around 
less corrosion-resistant materials. 

Recent developments in the water-treatment field 


— more efficient deaeration, new inhibitors — promise 
more effective corrosion control in water systems. 

And cathodic protection—though its principles date 
back to experiments by Sir Humphry Davy in 1824 — 
has achieved wide usefulness only within recent years. 

Why so much emphasis on corrosion now? At least 
part of the answer lies in the economics. Material and 
manpower costs continue to climb. Industry’s annual 
bill for corrosion — at last count, pegged at roughly 
six billion dollars — follows the trend closely. Result: 
Corrosion-control programs offer an area fertile in 
cost-cutting opportunities. 

Engineering-wise, today’s higher temperatures, 
pressures and tougher corrosive environments in gen- 
eral, make more exacting corrosion control a must. 

Thus, we view corrosion as both an engineering and 
economic problem in this report. It leads off with 
basics, follows up with anti-corrosion weapons, prac- 
tical applications, corrosion testing and programs. Let 
it guide you in bringing the latest thinkirg to bear on 
the corrosion problems of your plant. 
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S CORRODE 


Corrosion —nature’s wasteful wa 
y 
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hydrogen. 
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Corrosion is simply nature's way of trying to revert refined 
metals to their natural state. Take iron for example. When 
iron corrodes it forms rust. Analyze rust and you’ll find it’s 
iron oxide. Iron ore, too, is iron oxide. Thus, we can picture 
corrosion as an attempt to undo man’s “meddling” with the 
metallic ores found in nature. 

Corrosion basically is an electrochemical action, much 
like that in an electric dry cell. Electricity flows between 
metal areas through a solution. Deterioration (corrosion) 
takes place where the current leaves the metal and enters 
the solution. This area is called the anode. 

Electrolyte—the conducting solution—may be water, soil, 
chemical solutions, etc., depending on the application. 

Cathode is the area at which current returns to the metal. 
The electrodes (anode and cathode) may be two different 
metals or different areas of the same metal. In both cases 
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we find a difference of potential (voltage) between the two 
electrodes, causing current to flow between them, just as a 
dry cell causes flow in the common electric circuit. 

Electron path. Besides the electrodes and electrolyte we 
also need a path to complete the electric circuit. In actual 
corrosion, the metal structure itself may provide the path. 
Or the circuit may be completed by physical contact be- 
tween the metals. 

Electron flow results from a difference in potential be- 
tween two points in a circuit. When corrosion occurs, elec- 
trons (negative charges, e7) leave the anode and flow to 
the cathode along the path between the two. The electrons 
are released by metal atoms at the anode surface, When an 
electron leaves an atom, the atom becomes positively 
charged because it has a deficiency of negatively charged 
electrons. The atom is then a positively charged ion. 
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while reduction (protective) reactions go on at the cathode 


The electrolyte also contains ions. Pure water, for in- 
stance, contains equal numbers of positively charged hydro- 
gen ions (H+) and negatively charged hydroxyl ions 
(OH~). These ions play an important role in corrosion. 
Let’s see how. 

During corrosion of iron in water, each iron atom re- 
leases two electrons as it becomes ionized. The electrons 
flow in the circuit path to the cathode. Iron ions form at 
the anode, are attracted by negatively charged hydroxyl 
ions in the electrolyte and pass into solution. Electrons 
arriving at the cathode neutralize some of the hydrogen ions 
that have collected there. As the process continues, hydroxy] 
ions left behind attract more iron ions into solution, form- 
ing the unstable compound ferrous hydroxide, Fe(OH),. 

Final step in corrosion of iron is the oxidation of un- 
stable ferrous hydroxide. It combines with oxygen in the 


‘steel pipe 
{anode} 


bronze valve 
(cathode? 


electron 
flow 


A word about sign conventions 


Positive and negative sign conventions used here are op- 
posite those electrical engineers use because the U.S. Bureau 
of Standards calls platinum (the cathode) positive to mag- 
nesium (the onode). To avoid confusion remember: Cathode 
is the protected member; anode corrodes. 


electrolyte to form ferric hydroxide, Fe(OH),—common rust. 
Remember: Anode and cathode processes can’t occur 
separately. One supports the other. But corrosion itself 
takes place at the anodic areas. 
Rust may break away from the metal surface or remain 
there to influence the progress of corrosion. Alkalinity, 
oxygen content and agitation of the electrolyte all come into 
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WHY METALS CORRODE 


CONTINUED 


copper 
cathode 
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play in determining where and how rust will form on a metal. 

We've already seen that potential differences between dif- 
ferent metals, or from point to point on a single metal, are 
a necessary condition of corrosion. The action between dif- 
ferent metals is called galvanic because they form a gal- 
vanic couple (two metals). Corrosion currents flowing be- 
tween two points on the same metal surface are local. But 
whether the current is due to local or galvanic action, we'll 
need to understand how it originates before we can bring 
the right preventive measures into play. 

In dealing with galvanic corrosion it’s essential to 
know which metal in the couple will corrode (act as the 
anode). The galvanic series of metals and alloys, facing 
page, can supply a quick answer. Metals near the top of this 
series are anodic with respect to metals below them. And 
metals grouped close together have less tendency to produce 
a galvanic couple than metals from widely separated groups. 
Thus, zinc shows strong anodic characteristics when coupled 
with copper. Tin and lead, on the other hand, have little 
galvanic effect on each other. 

In using any galvanic series you’ll need to exercise cau- 
tion. These series may vary somewhat, depending on the 
corrosive environment (electrolyte). And the potential be- 
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H2 polarizes the cathode, O2 depolarizes 
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it. Local cells 


tween two metals that are close to each other in the series, 
may reverse under different conditions. 

Stainless steels are listed twice, as active and as passive. 
Under certain conditions, they’ll act cathodically even with 
respect to copper. But put them in a different environment 
and they’re only slightly more passive than ordinary iron 
and steel. We’ll have more to say about this later under in- 
hibitors and passivation. 

Corrosion rate. How fast do anode metals corrode? What 
controls corrosion rate? Right answers to these questions 
often spell the difference between good and poor corrosion 
control. Again, we find at least part of the answer by looking 
at the galvanic series. Coupling widely separated metals in 
the series yields relatively greater galvanic potentials. Driv- 
ing force behind galvanic corrosion is roughly proportional 
to these potentials. Differences as little as 0.1 volt indicate 
substantial galvanic action. Thus, we usually make meas- 
urements with a sensitive millivoltmeter. 

Polarization. As corrosion products build up at anode 
and cathode, the voltage differences tend to dip. Anode and 
cathode voltages drift toward each other, slowing down cor- 
rosion rate. This voltage change is called polarization. 
Polarizing at the cathode is usually greater than at the 
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anode. So we’re more likely to be concerned with its cathodic 
effects. Hydrogen gas, for instance, can blanket the cathode 
surface, cutting corrosion at the anode. But hydrogen may 
soon be removed by combining with oxygen to form water. 

Some metals polarize easier than others. So it’s impor- 
tant to know the metal’s polarizing tendency as well as its 
initial potential. 

Relative size of anode and cathode also affect polariza- 
tion. Here’s why: Drifting potential at the cathode depends 
not only on current but on current density. For the same 
current flow, current density is greater on a small electrode 
than on a big one. Also, as hydrogen ions reach a large 
cathode they are spread relatively thin. Thus they can 
combine more readily with oxygen, retarding polarization. 
In brief, relatively small cathodes promote high current 
density, retard the action of oxygen as a cathodic depolar- 
izer. We're flirting with corrosion when we couple large 
cathodes with small anodes. 

Local corrosion. Potential differences between areas on 
the same metal cause local corrosion currents. They often 
result from variations in the conditions of the air, soil, 
water, etc., next to different sections of the metal. For ex- 
ample, we find different metal-ion concentrations where 
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Metals near the top of this series act as anodes, suffer 
corrosion when coupled with one nearer the bottom. 
Galvanic couples of metals close together in this series 
usually corrode more slowly than couples composed of 
metals from the extremes. 

Note too that certain metals are grouped together. 
Couples of metals within these groups have the least 
tendency to corrode, 


are set up by metal-ion and O2 concentration differences 


relative speeds of electrolyte over the metal are greater at 
one point than another. Metal ions accumulate where speeds 
are lower, become cathode areas. Anodes form where rela- 
tive movement is high, causing these areas to corrode. 

If we rotate a metal disk at high speed in water, we find 
that it tends to corrode near the edge where linear velocities 
are highest. Speed sweeps away metal ions, forming anode 
areas. But by choosing an alloy to suit velocity conditions, 
the effect of low metal-ion concentration can be avoided. 

Oxygen concentration cells can also cause local corro- 
sion. Surprisingly enough, high-oxygen-concentration areas 
form cathodes. And we can measure the corrosion current 
flow between points of differing oxygen density. 

Common condition causing oxygen-cell attack is the 
presence of a deposit at one area of an otherwise freely 
exposed metal. A small sand hill on a clean brass surface 
attacks brass under the sand. Electrons flow through the 
metal to the surface outside the sand. Result is the reduc- 
tion of oxygen in the exposed area (the cathode). 

Note that in all corrosion cells, whether they’re local or 
galvanic, reduction reactions take place at the cathode 
(protected area); oxidation reactions at the anode (corrod- 
ing area). One chemical reaction supports the other. 
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CORROSION TYPES 


Here’s how you can spot the many 


common varieties of corrosion 


It can show up in a host of ways and forms. And many of the 
most common types of corrosion conditions overlap each other 
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Look for a general wasting away of the surface. You’ll 
find this condition all too common where metals are in 
contact with acids, other solutions. But the presence of 
a solution isn’t always essential. High-temperature oxi- 
dation, for instance, is a form of uniform attack that can 
take place in a relatively dry atmosphere. 

The corrosion product may form a protective layer on 
the metal, slowing down corrosion. Or, as in the case of 
direct chemical attack, the corroded material easily dis- 
solves in the corrosive material. 
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To predict the effect of high-temperature oxidation we 
need data on: (1) metal composition (2) atmosphere 
composition (3) temperature, and (4) exposure time. 
So it’s not easy to tell what will happen in one case, from 
the results of another. But we do know that most light 
metals (those lighter than their oxides) form a nonpro- 
tective oxide layer that gets thicker as time goes on. The 
layer forms, spalls and reforms. 

Other forms of high-temperature corrosion include 
sulfidation, carburization and decarburization. 
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Pitting corrosion 


When protective films or layers of corrosion product 
break down we get localized corrosion—pitting. An anode 
forms where the film breaks, while the unbroken film or 
corrosion product acts as the cathode. Thus we've, in 
effect, set up a closed electrical circuit. 

Corrosion pits take a heavy toll in machinery and 
equipment because they concentrate their attack over a 
small area. Pits also act as starting points for stress 
concentrations that spell trouble, especially where pits 
line up in rows that can become major breaks. 
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Concentration cells 


You'll recognize this condition by its presence in crevices. 
It sets up differences in solution concentration. The crev- 
ice, above, for example, hinders diffusion of oxygen. Re- 
sult: High and low oxygen areas that cause concentration 
cells. Low oxygen area is anodic. 

Metal-ion concentration cells, much like their oxygen 
counterparts, also strive to balance out concentration 
differences. Thus, when the solution over a metal con- 
tains more metal ions at one point than another, metal 
goes into solution where ion cencentration is low. 
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Intergranular corrosion 


You may be faced with intergranular corrosion for a 
variety of reasons. But the result is almost always the 
same — selective attack along the metal's grain bound- 
aries—intercrystalline cracking, such as we picture in the 
photomicrograph above. In some austenitic stainless 
steels, chromium carbides may precipitate at grain 
boundaries when cooling from welding temperatures. 
Corrosion is free to attack chrome-starved areas. 
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Corrosion fatigue 


In much the same way that static stresses link up with 
corrosion to produce stress-corrosion cracking, cyclic 
loads work hand-in-hand with corrosion to cause corro- 
sion fatigue. Metal failure takes place substantially be- 
low the fatigue limit for non-corrosive conditions. 

Surprisingly enough, the combined deteriorating effect 
of these two bed brothers — corrosion and fatigue — is 
greater than the sum of their individual damages. So 
it pays to apply best possible corrosion protection when 
dealing with metals under alternating stresses. 
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Impingement attack 


Similar in their method of attack and net effects are 
impingement corrosion and cavitation corrosion. Here’s 
how they do their damage: 

An impinging water stream breaks through corrosion 
scale, dissolving the metal. Effect depends mainly on 
liquid speed. 

Cavitation, a common form of corrosion in pumps, 
depends on the hammer-like effect produced by collaps- 
ing air bubbles. Bubbles break down when they pass 
from a low-pressure to a high-pressure area. 
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Stress corrosion cracking 


Team up high tensile stresses with a corrosive atmos- 
phere and you're likely to be in for trouble. Here’s 
how it develops. Tensile stresses build up at metal sur- 
face under static loading. Corrosive action concentrates 
stresses, causes them to exceed metal’s yield point. Re- 
sult shows up as a local failure. Under continued ex- 
posure, metal alternately corrodes, builds up high stress 
concentrations. Eventually the part may fail. 


plug-type 
dezincification 


layer-type 
dezincification 


Selective attack 


Basically, one element of a metal or alloy is singled out 
for corrosive attack. Common types are dezincification 
and graphitic corrosion. 

When we expose copper-zinc alloys (brasses) contain- 
ing less than 85% copper to wet conditions for prolonged 
periods, zinc may be lost from brass. Resulting porous 
zinc-free mass of copper has little mechanical strength. 

Common cast iron can act this way too. In some cor- 
rosives, iron corrodes out, leaving nothing more than a 
porous graphite residue that virtually crumbles. 
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Fretting corrosion 


Picture the ball bearing above supporting a heavily 
loaded high-speed shaft. Its inner race is press fit on 
the shaft. If high-frequency vibrations produce even 
minute slippage between these surfaces, local attack may 
start fatigue cracks, especially where stresses concen- 
trate. Take shaft and bearing apart. You'll find their 
mating areas pitted. 

Likely explanation for fretting: Slippage shears away 
surface-protective films, laying bare the undersurface to 
galvanic attack and concentration-cell corrosion. 
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The great value of cathodic protection lies in its simplicity 
and direct effectiveness. To see how it works we'll make use 
of a modification of the galvanic cells we’ve viewed thus 
far: The cathodic protection battery. It’s nothing more than 
our original galvanic cell with an auxiliary anode acting 
as a substitute for the anode on the metal surface we want 
to protect. 

Auxiliary anodes may be either electrolytic (energized 
by an external source of direct current) or galvanic (made 
up of a metal higher in the galvanic series than the metal 
to be protected). In either case, the electrical energy sup- 
plied by the auxiliary anodes forms a fence that prevents 
current flow in the local cells on the protected surface. With 
current flow stopped, metallic ions can’t escape from the 
area we want to protect. 

In our original galvanic cell, anodes on the metal sur- 
face released metallic ions, causing the metal to corrode. 
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So far we’ve talked almost exclusively about fundamentals 
— electrochemical theory, basic corrosion types, etc. In the 
next 14 pages we turn to the more practical elements of 
the problem — weapons for the fight against corrosion. 

Weapons we'll consider include cathodic protection, 
engineering metals (ferrous and nonferrous), inert barriers 
(organic, metallic, vitreous), ways of altering the corrosive 
environment, inhibitors and temporary protection. 

Not all these techniques will apply in your plant. Per- 
haps your corrosion problem can only be handled by 
changing the corrosive environment. But in any case, itll 
pay you to know all the tools available. Remember: Your 
future machinery and equipment may not fit your present 
corrosion-control methods. 
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ELECTROLYTIC 
CATHODIC PROTECTION 


The cathodic protection battery transfers the corrosion 
process to the auxiliary anodes. These anodes are eventually 
consumed in protecting our metal structures. But anodes 
can be replaced. In brief, the method is fighting corrosion 
with corrosion — protecting one metal at the expense of 
another. 

Most common applications of cathodic protection are 
for submerged (in soils, liquids) metal surfaces but the 
same principles apply to the protection of metal in any 
electrolyte. 

Current density. A must in planning any cathodic pro- 
tection system is finding the current density needed to 
maintain the electrical fence at all areas to be protected. 
Right current density is essential because the potential of 
the area to be protected doesn’t reverse itself (become 
cathodic) until the protective current density is reached. 

Protective current density depends on many factors that 


Economics. A major question you'll face in the endless 
battle against corrosion is deciding how much protection is 
economically justified. To come up with an intelligent solu- 
tion, you'll have to consult plant production people to get 
answers to questions like: How long will the equipment be 
used before it is obsoleted by more modern machines? Is 
equipment operated continuously or intermittently? How 
high is the operating temperature? Is the machine indis- 
pensable to the over-all process? What are the probable 
corrosives involved? You'll have to weigh all factors — 
tangible and intangible — in any complete economic study. 

Your corrosion-fighting arsenal can include many of 
today’s newest methods too. Researchers are taking giant 
steps in their attempts to upgrade these methods. 


Protective coatings and paints have been radically im- 
proved with the development of new vehicles and inhibitive 
primers. These assure better protection on the job. 

Newer corrosion-resistant metals and alloys can, if you 
apply them right, stand up under severe corrosion condi- 
tions. Naturally, they’re more expensive than the less-re- 
sistant materials they replace. But their increased life span 
can more than pay for initial cost differences. 

Plastics, relative newcomers to the battle against cor- 
rosion, are widely used, both structurally and as coatings. 

Cathodic protection, still another approach to your cor- 
rosion problem, is daily proving itself a top protective 
weapon for pipelines, power cables, condensers, storage 
tanks and a host of other industrial equipment. 
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Choosing the right anode—key to good cathodic protection 


Once we've decided on needed current 
density, next step is to choose the right 
anodes and arrange them to distribute 
current- to all parts of the structure in 
contact with the liquid or soil. To do 
the job we can use electrolytic or gal- 
vanic anodes, diagram facing page, or 
a combinatiébn of the two, In either 
case, right anode position, quantity, 
length and area in relation to the pro- 
tected surface, play an important role 
in planning the system. 


Electrolytic Anodes 


Electrolytic anodes can be expend- 
able or non-sacrificial — both energized 
by an external dc source. Expendable 
types include iron, carbon steel, chrome 
steel, aluminum and graphite. Non- 
sacrificial designs are made of plat- 
inum. 

High-silicon cast-iron anodes, either 
bare or installed with backfill, are a 


recent development for ground-bed 
(soil) installations. They resist sul- 
fated, alkaline and most chloride-con- 
taining soils. Their best performance 
is at 5 amps per sq ft, and below. But 
even if you’re faced with substantially 
heavier currents, anode weight loss is 
slow, predictable. 

Platinum may be used in the form 
of a small diameter wire, or by clad- 
ding a copper or nickel rod. For pro- 
tection of submerged surfaces, plati- 
num anodes are expensive. Thus, their 
use is limited. Also, the economically 
justifiable diameter of platinum 
anodes often produces a large voltage 
drop, high power costs. 

Graphite anodes can last for many 
years. So it’s smart to consider them 
in areas where replacement is a diffi- 
cult and costly process. If you’re in- 
stalling them in soil, manufacturers 
recommend a granular coke breeze 
backfill to allow gas formed to dis- 


engage itself from the graphite anode. 


Galvanic Anodes 


Galvanic odes are made of a 
metal higher in the galvanic series 
than the metal you’re trying to protect. 
That’s why they require no outside 
current source. They’re always sacrifi- 
cial. Common materials are zinc, mag- 
nesium, aluminum. 

High-purity zinc, aluminum alloys 
do a top job in sea water. Zinc is also 
used for lower resistivity soils (less 
than about 2000 ohms per cc). Mag- 
nesium works well up to 10,000. 

Relatively low driving voltages gen- 
erated by galvanic anodes can be an 
important point in their favor. Below 
city streets, far instance, they’re less 
likely to interfere electrically with 
nearby structures. But low voltage 
may limit their use where current re- 
quirements are high. 
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galvanic methods fight corrosion with corrosion 


vary considerably. And you can't assume that any two jobs 
will be exactly alike. The most important items affecting 
protective current density are type and condition of 
applied surface coating (if any), dissolved oxygen concen- 
tration, chemical analysis of the electrolyte, as well as its 
conductance, temperature and pH. 

Water conditions. A 2 to 4 milliamp (ma) per sq ft 
current density is enough to protect a bare steel surface. 
This is easy to maintain in waters of average hardness. Soft 
water, because of the absence of dissolved salts, tends to be 
more electrically resistant and requires higher voltages, 
more anodes to produce a protective-level current. Hard 
water has low resistance. And if system isn’t designed to 
operate at lowest voltage consistent with adequate protec- 
tion, high current quickly consumes anodes. 

Coatings teamed with cathodic protection can often 
prove most 2conomical. Then only small areas, where 


faults or pinholes exist, need protection. These areas de- 
mand only a small current, radically reducing auxiliary- 
anode consumption. 

Type of protection, as we’ve seen, can be either electro- 
lytic or galvanic. Electrolytic protection — the impressed- 
current method~is commonly used where relatively large 
amounts of current are needed at a few locations. Galvanic 
techniques work best where we need to apply smaller cur- 
rents at many locations. Notice that in both cases we’re 
dealing with direct current (dc). 

Choosing the right equipment to get the necessary 
power can be of prime importance. Several types of power 
units are available. Motor-generators, wind generators and 
rectifiers that convert ac to dc, are applied on electrolytic 
systems. Galvanic action itself supplies power for the gal- 
vanic system. To pick the right one you'll have to weigh 
their economic as well as technical merits. 
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TOOLS FOR THE JOB 


CONTINUED 


Cast iron, carbon steel 


Relatively cheap. easy to come by, cast iron and car- 
bon steel lead the engineering-metals field in total 
volume and applications — many of them corrosive. 
_ Cast iron contains 3 to 3.5% carbon, along with 
silicon and other elements. Structurally it includes 
iron, iron carbide and free carbon (graphite). 
Corrosion resistance of cast iron and carbon steel 
are about the same. But there are exceptions, and a 
look at their relative structures tells why: Carbon in 


Wrought iron 


We single out wrought iron because, under certain 
conditions, it provides an economical solution to cor- 
rosion problems, Briefly, wrought iron is a two-compo- 
nent metal consisting of high-purity iron and iron 
silicate — a glass-like slag. It’s the only ferrous metal 
that contains such a slag. The iron silicate is largely 


High-silicon irons 


Ideal for corrosive conditions involving high tem- 
perature and erosion attack. these cast irons are rela- 
tively low cost. Their main alloying element is silicon — 
14.59. They also include .85% carbon. varying amounts 
of manganese and molybdenum. 

Although high-silicon cast irons have fair tensile 


Cast high alloys 


Two main classes of cast high alloys are iron-chromi- 
um and iron-chromium-nickel. 

The iron-chromium alloys having between 8 and 
14% chromium have the characteristics of steel. They 
can be altered by heat treatment. Higher chrome and 
chrome-nickel content alloys don’t show the phase 
changes that steel does when it’s heated or cooled. 


Copper-bearing steels 


Adding small amounts of copper to steel, can boost its 
corrosion resistance substantially — especially where 
corrosion is due to atmospheric conditions. But adding 
copper to stee] for underwater, soil applications, usu- 
ally has little effect on corrosion properties. 


carbon steel is present as iron carbide, whereas some 
carbon in cast iron is free graphite. Thus, gray cast 
iron is subject to graphitic corrosion (see page 79) 
in salt and mine waters and sulfate-containing soils. 
White cast iron is immune to such attack because 
nearly all its carbon is in the carbide form. 

Metallurgists find that while carbon in steel has 
an important effect on its physical properties, it has 
little effect on corrosion resistance. 


responsible for wrought iron’s corrosion resistance. 
Unlike either steel or cast iron, wrought iron is 
never cast in an ingot mold. So its structure and com- 
position don’t change near the surface. Uniformity 
minimizes chances of accelerated corrosion rates after 
material has been in service for several years. 


strength, in common with all cast irons they have no 
ductility. And they’re prone to thermal, mechanical 
shock. Thus, steam tracers are commonly used with 
high-silicon irons to avoid too-rapid heating and cool- 
ing. When used in this way, these irons can operate 
in systems at as high as 1000 F without difficulty. 


Thus, they’re non-hardenable. Their properties depend 
on composition rather than heat treatment. 

Many of these alloys are used for corrosion- as 
well as heat-resistance. But heat-resistant types usu- 
ally contain more carbon. 

Corrosion resistance of equivalent wrought and cast 
alloy compositions are just about equal. 


Adding phosphorus to copper-bearing steels shows 
good results too. For example, one test showed that 
increasing phosphorus from 0.005 to 0.070% in a 
0.5% copper steel increased corrosion resistance in 
an industrial atmosphere about 25%. 


MODERN ENGINEERING METALS ... weigh them 


The array of metals that appears on 
this and the following three pages in- 
cludes virtually all of the major engi- 
neering types, with these exceptions: 
(1) the noble metals — silver, gold, 


platinum (2) metals that are used 
mainly as alloying elements — tung- 
sten, vanadium, molybdenum, man- 


ganese, chromium. But we mention 
them above, where they’re added to base 
metals, as alloying elements, largely to 
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improve corrosion-resisting and mechan- 
ical properties. 

Choosing the right metal. Incoming 
to grips with this problem, the engi- 
neer usually has little difficulty elim- 
inating those metals which just won’t 
do. His big problem is evaluating the 
finer differences that exist among the 
closest candidates. And often, the cor- 
rosion problem becomes the deciding 
factor. Other times it takes equal im- 


portance alongside such items as: (1) 
availability in the required forms — 
castings, sheet, tubes, forgings, etc. 
(2) ease of fabrication — machining, 
forging, bending, welding (3) ability 
to stand up under normal service 
stresses. 

Focusing now on the corrosion fac- 
tors themselves, let’s see what we must 
consider in selecting the right engi- 
neering metal fort specific applications. 


One definition of low-alloy steels: Total alloy content 
is 5% max. Generally speaking, metallurgists add 
these elements to boost strength and toughness, rather 
than corrosion resistance. But corrosion resistance of 
most low-alloy steels is generally better than carbon 
steels. Anticorrosion standouts are the low-chrome 
heat-resisting steels commonly used for superheater 
tubing in boilers. These include 2%-chrome 12%- 
molybdenum; 2%4%-chrome 1%-molybdenum; 3%- 


Austenitic stainless 


Corrosion and oxidation resistance of all stainless 
is based on chromium. But nickel also plays a key 
role, especially in the austenitic types such as the 
“18-8’s” with a nominal analysis of 18% chromium and 
8% nickel as the major alloying elements, 

The austenitic structure is responsible for the char- 
acteristics that have made the chrome-nickel stainless 
steels most widely used in the stainless group. 


Molybdenum stainless 


Adding 134 to 4% molybdenum to austenitic stainless 
steels improves its corrosion resistance to a variety of 
acids as well as brine and sea water. This group also 
has the highest elevated-temperature creep strength of 
any standard stainless available. 

Greater resistance to pitting cotrosion which, as 


12% chromium stainless 


The 12% chromium stainless steels (actually between 
11.5 and 14%) do an excellent job resisting atmos- 
pheric corrosion — weather and water. They’re harden- 
able by heat treatment. And their corrosion resistance 
is greatest in the fully hardened condition. 

Typical 12% stainless is type 410. It resists scaling 


17% chromium stainless 


Nominal 17% chromium content gives these stainless 
steels higher corrosion resistance than the 12% group. 

Special advantage of this group is its low coefficient 
of expansion. Thus, if oxide scale does form, it’s tight 


Low-alloy steels 


chrome 0.9%-molybdenum, They're selected for their 
heat- and corrosion-resistant properties. 

9%-chrome 1%-molybdenum superheater steel con- 
tains too much alloy to be called a low-alloy steel 
but not enough chrome to be considered in the stain- 
less class. It’s basically an intermediate alloy steel. 
Corrosion resistance of these low and intermediate 
alloy steels falls between the copper-bearing and 
stainless steels commonly used by industry. 


Most common 18-8’s are types 302, 304. They have 
corrosion resistance, ductility and toughness over a 
wide temperature range. Type 303 is a free-machining 
stainless, slightly less corrosion resistant than 302. 

Two new standard austenitic compositions — AISI 
types 201 and 202 ~ have recently bowed in. Corrosion- 
wise they're on a par with 301 and 302. But they’re 
lower in nickel and have 5.5 to 10.0% manganese. 


Be) 
we've already seen, can occur under deposits (low- 
oxygen areas) that remain on stainless steels for a 
long time is also the result of adding molybdenum. 
The basic moly stainless is type 316. A low carbon 
modification of it, 316L, is used where a large amount 
of welding fabrication is necessary. 


(high-temperature corrosion) up to about 1200 F. So 
it’s used for furnace parts operating below that tem- 
perature, Results are generally excellent. 

Other alloys in this group are specialty grades. 
Type 403. for instance, is made for extra-high tough- 
ness applications. such as steam-turbine blading. 


and doesn't crack off due to expansion and contraction 
of the metal during heating-cooling cycles. 

Strength of the 17% chrome stainless types lies 
between chromium-nickel stainless and mild steels. 


cost- and corrosion-wise against your own special needs... 


First cost of the metal is important. 
But considering only first cost can lead 
to wrong answers. A more corrosion- 
resistant metal at reasonably higher 
cost, can more than justify itself by 
its greater life span, higher heat-trans- 
fer rates through the use of thin-walled 
sections and the elimination of corro- 
sion products that are heat-insulating. 

Major technical factors that can in- 
fluence the choice of a metal to resist 


corrosion include temperature, velocity, 
and oxidizing capacity of the atmos- 
phere, solution, soil, etc. And we talk 
about these where they apply through- 
out this report. But there are several 
easy-to-overlook corrosion pointers that 
can. in many situations, spell the dif- 
ference between the right and wrong 
choice. Here’s the gist of them. 
Low-velocity corrosion test data 
may be misleading in predicting the 


behavior of a material to be used for a 
pump. valve. heat-exchanger tube or 
other equipment where metal contacts 
a high-velocity corrosive solution. 
Vapor or gas pressure above a cor- 
rosive liquid may have a substantial 
effect on corrosion by changing the 
quantity of oxygen or other corrosive 
gas that may be forced into the liquid 
ör withdrawn from it. High pressures 
generally tend to aggravate corrosive 
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TOOLS FOR THE JOB 
CONTINUED 


20 alloy 


Based on its nominal composition, 20-alloy is really 
a nonferrous metal since it contains less than 50% 
iron (approximately 45%). But because of its uses 
and high nickel (29%) and chromium (20%) con- 
tents, engineers consider it a highly-alloyed stainless. 
20 alloy comes in both cast and wrought forms. 
Costwise it lies between molybdenum stainless and 
the Hastelloys, Chlorimets (nickel alloys). Physical 
properties and welding characteristics are similar 


Nickel and its alloys 


Nickel by itself, or alloyed with copper, chromium 
or molybdenum forms a broad group of engineering 
metals that show high corrosion resistance. Their 
strength and hardness are almost as great as carbon 
steel and they’re endowed with ductility and tough- 
ness at sub-zero as well as high temperatures. 

Although oxidizing conditions tend to promote cor- 
rosion of nickel, it can protect itself by forming a 
passive oxide film. 

Chlorimets, containing about 60%% nickel, and vary- 
ing amounts of chromium and molybdenum as major 
alloying elements, are tops for corrosion resistance 
but they’re relatively expensive. So you’ll use them 
where less costly alloys will not do. They fare well 
in oxidizing or reducing atmospheres. 

Hastelloys (grades B. C and D) contain anywhere 
from 55 to 84% nickel. Grade B includes 28% molyb- 
denum. Grade C: 17% molybdenum, 16% chromium, 
4% tungsten. Grade D: 10% silicon. 

Corrosion resistance and strength at high tem- 


Aluminum 


Because of its resistance tc corrosion, high strength 
and low cost. aluminum is most widely used of all 
the light metals (aluminum, magnesium, titanium). It 
withstands atmospheres that contain sulfides, carbon 
dioxide, sulfur dioxide and other contaminants. For- 
mation of an oxide barrier controls such atmospheric 
corrosion. 

Aluminum is corrosion resistant to pure water. But 
even traces of copper or iron can cause it to corrode. 
If you’re circulating water in a closed system, in- 


to the 18-8’s. Because of its austenitic structure, it 
can’t be hardened by heat treatment. 

Relatively high erosion-corrosion resistance and 
reasonable cost often make 20 alloy the most economi- 
cal choice for pumps, valves, piping, fittings and a 
variety of plant-service equipment. 

W orthite, a highly-alloyed stainless (20% chro- 
mium, 24% nickel), is similar to the 20 alloys in both 
composition and corrosion resistance. 


peratures are among Hastelloy’s standout properties. 
And although they’re expensive, they can be an eco- 
nomical solution to problems involving severe corro- 
sion at elevated temperatures. 

Monel, commercially the most important of the 
nickel-copper alloys (67% nickel, 30% copper), is 
actually more corrosion resistant— under a wide 
variety of oxidizing or reducing conditions— than 
either of its major alloying elements. And since 
nickel and copper are close in the galvanic series, 
there’s no tendency to redeposit dissolved™copper such 
as we find in the dezincification of high-zinc brasses. 

Inconel’s main alloying elements are nickel (77%) 
chromium (15%) and iron (7%). Even in strongly 
oxidizing solutions, Inconel is virtually free from 
attack. The reason: Chromium becomes passive by 
forming a protective oxide film. 

High chromium content gives it the nod over nickel 
and monel in handling sulfur compounds and hydro- 
gen sulfide at high temperatures. 


hibitors such as sodium chromate prevent attack. 

High thermal conductivity of aluminum boosts heat- 
transfer rates in heat exchangers. And high electrical 
conductivity combined with corrosion resistance makes 
it ideal for electrochemical applications. 

Clad aluminum alloys combat pitting corrosion by 
offering cathodic protection to the core metal. Alumi- 
num cladding on heat-exchanger tubes, for example, 
acts as the anode, deflecting corrosion away from the 
tube base metal. Such alloys are economical too. 


... but be sure to tap the many sources of outside help 


attack by vapors or gases at elevated 
temperatures, 

Applied stresses don’t necessarily in- 
crease a metal’s tendency to corrode. 
But stress effects are important. We've 
seen that cyclic stresses, for example, 
can combine with corrosion, lead to 
corrosion fatigue, page 79. 

Heating-cooling cycles can change 
the corrosion-resisting qualities of 
some alloys. Thus if you plan to weld, 
forge or hot bend a metal that must 
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be corrosion resistant, it’s smart to 
consider the effects of such fabricating 
methods. 

Galvanic effects areimportant where 
different metals make electrical contact 
in a corrosive solution. Don’t forget to 
consider relative areas of the metals, 
making sure that relatively small area 
of the more anodic metal doesn’t lead 
to accelerated corrosion. 

Effects of corrosion product on the 
material being handled may be de- 


cisive. In steam and condensate sys- 
tems corrosion products can build up, 
foul steam traps, valves and other 
small flow areas. 

Complex as choosing the right cor- 
rosion-resistant metal is, remember that 
you can count on outside help too. 
Equipment manufacturers and metals 
producers have been in the thick of the 
battle against corrosion for many 
years. They stand ready to assist you 
in making the right choice. 


Magnesium 


Key to controlling corrosion of magnesium: Keeping 
harmful impurities out of it. For example, if iron con- 
tent goes from 0.005 to 0.05%, corrosion rate climbs 
from 30 to 100 times in salt water. Copper and nickel 
have similar effects. Here’s the reason: These im- 


Copper and its alloys 


Zinc 


Tin 


Lead 


Either in its pure form or alloyed with zinc, tin, lead, 
nickel, aluminum, silicon or manganese, copper has 
good all-around corrosion resistance. Add to this its 
excellent thermal and electrical conductivity and 
you’ve pinpointed the main reasons for its popularity. 

Arsenical admiralty (70% copper, 29% zinc, 1% 
tin, 0.03% arsenic) shows good corrosion resistance 
to most waters and does a top job in sea water at 
velocities less than 6 fps. 

Manufacturers add arsenic to the metal to inhibit 
plug and layer type dezincification. 

Muntz metal (60% copper, 40% zinc) is used 
where corrosion resistance must join forces with high 
strength, moderate ductility. Common applications in- 
clude condenser heads, tubes and tube sheets, baffle 
and support plates in heat exchangers. 

Red brass (85% copper, 15% zinc). Because of 
its natural resistance to dezincification red brass is 
often favored over other copper alloys for heat ex- 
changers and plumbing piping. 


Major uses for zinc in combatting corrosion are (1) 
Protective coatings for metals — applied by galvan- 
izing, metallizing, sherardizing. We'll have more to 
say about these later. (2) As galvanic anodes. see 
pp 80-81. (3) As pigments for corrosion-resistant 


Because tin is a low-melting-point metal we don’t 
use it where high-temperature corrosion is likely to 
be a problem. But it does a top job as a protective 
coating over steel and in such alloys as bronze. 


Corrosion resistance of lead depends on a thin pro- 
tective coating — either an insoluble lead salt or a 
soluble film. First type resists attack even where the 
film suffers mechanical injury, because the environ- 
ment promotes self-healing. By contrast, the soluble 
film can dissolve in the solution or atmosphere sur- 
rounding the lead, leave it open to corrosive attack. 


Tantalum 


Strongly resistant to most corrosives, tantalum is 
used mainly for heat-transfer equipment — heating 
coils, coolers, instrument-bulb protection. The metal 
performs well even under some corrosive conditions 


Titanium 


Relative newcomer to the metals field, titanium is 
one of the most corrosion-resistant metals known. It 
ranks among the best metals available in its ability 
to resist the action of sea water. And it can be heated 


purities act as cathodes, cause magnesium, which is 
at the top of the galvanic series, to act as the anode. 

Most commercial forms of magnesium include small 
(up to 9%) quantities of aluminum, manganese and 
zinc to offset harmful impurities present. 


Cupronickel alloys that contain 10 to 30% nickel 
are often picked as heat-exchanger tubes because they 
resist corrosion by salt water used for cooling. More 
recently, engineers have been swinging over to these 
alloys for tubes in feedwater heaters, largely because 
they do a geod job at high temperatures. 

Aluminum brass (78% copper, 2% aluminum, 
0.03% arsenic, balance zinc) naturally more resistant 
to corrosion than admiralty — both from fast-moving 
sea water as well as polluted waters found in har- 
bors and rivers contaminated by sewage and wastes 
—has been replacing admiralty in a substantial num- 
ber of installations. It’s well suited to condenser 
tubing where inlet-end torrosion or impingement cor- 
rosion is a serious problem. 

Bronzes generally contain significant amounts of tin 
in addition to copper and other alloying elements. 
Common types include silicon bronze, phosphor 
bronze and manganese bronze. Their corrosion re- 
sistance is on a par with the copper-zinc alloys, 


paints. These are zinc, zinc oxide, zinc chromate. 

Corrosion rate of zinc in water is much lower than 
iron, slightly higher than copper. But, as with other 
common metals, temperature, pH and oxygen-con- 
centration effects can alter the picture considerably. 


An invisible film of stannic oxide normally covers 
tin. But acids, alkalies can cause pitting. 

Distilled, soft tap water doesn’t corrode the metal. 
And adding 5% antimony avoids localized corrosion. 


Neutral solutions tend to build up the protective 
film (lead carbonate, oxide). Low pH solutions show 
varying rates of attack. 

Chemical lead, acid lead and copper lead are com- 
mon commercial grades. Common power-service jobs 
for it include: lead-sheathed cable, lead-covered pipe. 
gaskets and lead-clad copper heating coils. 


that bar the use of gold or platinum, Thus its rela- 

tively high cost is justified on a necessity basis. 
Tantalum is produced by powder-metallurgy meth- 

ods. Its chemical properties resemble those of glass. 


to 1100 F without high-temperature oxidation effects. 

Biggest drawback of this wonder metal: Its in- 
ability to compete with other metals on a cost basis. 
But its price has been dropping steadily. 
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TOOLS FOR THE JOB 


CONTINUED 


INERT BARRIERS — organic, metallic and vitreous forms 


Generally speaking, inert barriers include all organic, me- 
tallic. vitreous and wood barriers applied between metals, 
alloys and their corrosive environment. 

Going a step further, we can subdivide organics into 
coatings, mastics and linings. Coatings are films 5 to 20 
mils thick. (Corrosion engineers find that when total coat- 


ing thickness is less than 5 mils it doesn’t give reliable 
protection). Linings are films 60 mils thick and greater. 
Mastics fall in a range between these two. 

You can use barriers by themselves or combine them 
with other methods of corrosion control. Often, combina- 
tion control is most effective, economical. Underground 


ORGANICS — should you use coatings, mastics or linings? 


Most popular weapons in the corrosion engineer’s arsenal 
are protective organic barriers. Pictured above are the most 
common ways of applying them. 

To get maximum service life from most coating systems, 
films should be applied in a minimum of three coats and, 
as we've already seen, be at least 5 mils thick. 

Right surface preparation — sandblasting, etching, wire 
brushing — plays a key part in getting good results from 
organic barriers and is particularly important if you plan 
to use thin coatings. For most jobs best preparation is sand 
blasting. Resulting clean, rough surface provides excellent 
mechanical bonding qualities. 

Barriers made from synthetic as well as natural resins 
are available in a wide variety of types. But as we’ll see 
in the following sections, it's possible to classify them ac- 
cording to similar performance. characteristics, etc. 


Elastomers 


Most important application for this group: Linings for 
equipment designed for highly corrosive conditions. But 
they’re also widely used as coatings. 

Made from both natural and synthetic resins, elastomers 
include rubber barriers — natural rubber, neoprene, buta- 
diene-styrene rubber, butyl rubber, and nitrile rubber. Their 
resilience make them a good choice where abrasion and 
impact are likely to be doing their treacherous work hand- 
in-hand with corrosion. 

In selecting an elastomer barrier be sure to investigate 
its bonding properties. Most of the common elastomer bar- 
riers will not adhere directly to metal. They’re usually 
applied over a chlorinated-rubber primer. 

Neoprene-based coatings—resistant to non-oxidizing acids, 
salts and alkalies up to 150 F — are used for lining vessels 
and storage tanks, especially where intricate shapes make 
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it difficult to get full protection with a lining material. Na- 
tural rubber also fits for such applications. 


Thermoplastic 


Applied thermoplastic films — vinyls, polyethylene, vi- 
nylidene chloride, saturated oils, waxes, bitumens — require 
no further curing after they’re applied, but elevated tem- 
perature softens them. 

Vinyl material compositions vary substantially, depend- 
ing on where, how they’re to be used. Manufacturers add 
plasticizers (to keep vinyls from becoming hard, brittle) 
and heat stabilizers in varying amounts to suit customer 
needs. Vinyls, when you apply them according to manu- 
facturers’ specs, yield a general-purpose coating that has 
excellent resistance to oxidizing materials. 

Polyvinyl chloride (PVC), popular member of the vinyl 
group, is a tough, resilient barrier that you can use either 
as a liquid to form thin films or as sheets that can be 
cemented to metal’s surface. PVC protective tapes can be 
your answer to underground pipeline protection problems. 

Relatively new vinyl is a high-solids aluminum coating. 
Aluminum is present in finely divided particles ~ virtually 
liquid aluminum. In coating form it protects tanks, coils 
against the action of oils, mild corrosives. 

Polyethylene has excellent resistance to oxidizing agents. 
Its versatility, low cost make it highly popular. 

Polyfluoroethylene, one of the newer materials in this 
group, features outstanding chemical resistance to most cor- 
rosives up to about 500 F. But it’s relatively tough to apply. 

Vinylidene chloride, derived from ethylene and chlorine, 
is a highly corrosion-resistant barrier. Important applica- 
tion: Lining piping, tanks where corrosives are present. 

Bitumens — either coal-tar or asphalt base —soften at 
high temperatures. Thus we consider them thermoplastic. 


stand between your plant equipment and corrosive attack 


pipelines, for example, are coated to reduce current flow 
needed for cathodic protection. 

Choosing the form. From a practical viewpoint, giving 
the nod to either a coating, mastic or lining boils down to 
pinpointing the required thickness for adequate protection. 
Thus, service conditions must be weighed carefully. Is the 
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equipment subject to rough handling, abrasion? How fast 
will corrosion take place? (Corrosion speed is commonly 
measured in inches per year, ipy. Engineers consider that 
rates greater than 0.05 ipy indicate highly corrosive condi- 
tions). These are just a few of the important questions 
corrosion men must find answers to. 


Size up corrosion conditions, cost before making your choice 


Both the coal tar and asphalt base types give good pro- 
tection — especially for coating underground pipelines in 
the field. To reinforce these organic barriers against soil 
stresses, cloth, jute, burlap, glass-fiber tapes and other ma- 
terials are wrapped between coating layers. 

Another recent anti-corrosion application of coal-tar 
paints: Coating submersible-type transformers and net- 
work protectors where salt that’s used for snow and ice 
removal contaminate ordinary paints. 


Thermosetting 


Like the elastomers, thermosetting barriers often need 
further processing — baking for example — after they're ap- 
plied, to develop their best properties. Thermosetting films 
are tough, rigid and resist high temperatures. They're highly 
versatile engineering materials. 

Alkyds. These can be either thermoplastic or thermoset- 
ting. But the latter is their most important commercial 
form. Excellent durability under a wide range of exposure 
conditions makes them most popular of the resins used 
in protective coatings. 

Alkyds are often blended with other resins to get special 
protective properties. So-called oil-modified alkyds (with 
drying oils) are quick-drying coatings that produce a good 
general-purpose industrial finish. 

Phenolics have been a mainstay of industry for many 
years. Major types are: (1) baked (2) air-dried. 

Baked types are heated to about 350F after applying 
them. Because specialized equipment, experience is a must 
in turning out good baked phenolic coatings they’re nor- 
mally applied by specialists in well-equipped shops. 

You can consider using phenolics up to 350F, except 
where oxidizing agents are present. Tanks, vessels protected 
by such baked coatings can be steam cleaned. 


Brittleness — until recently a major defect of baked phe- 
nolic coatings — can now be overcome by epoxy-phenolics. 

Epoxy resins —- comparative newcomers to the field — 
are much like the phenolics. And engineers are using them 
in substantially the same way. They have good corrosion 
resistance in both baked and air-dried forms. 

Major advantage is their greater range of corrosion re- 
sistance than the phenolics. Also important: They have 
excellent flexibility and bonding properties. 

Oleo-resinous materials are really a special class of 
thermosetting barrier that’s formulated from natural rather 
than synthetic materials. A drying oil is the ingredient 
common to all types in this group. 

Most important oleo-resinous materials from the plant 
engineers’ viewpoint: oil-base paints. They’re relatively low 
cost, easy to apply, can build up to the minimum 5 mil 
thickness in fewer coats than the average synthetic. And 
they possess excellent resistance to weathering. Thus, they’re 
favored for general outdoor anti-corrosion maintenance. 

Corrosion-inhibitor pigments such as red lead, white 
lead, zinc chromate, iron oxides, zinc oxides and aluminum 
powder fortify many of the oleo-resinous paints for corro- 
sion combatting applications in the plant. 

Silicones and their various modifications have moved 
into the corrosion picture in a big way only within the 
past few years. And they’re fast winning favor among cor- 
rosion engineers — especially for high temperatures. 

Silicone varnishes have been pigmented with aluminum 
powder to protect steel surfaces at temperatures to 1000 F. 
They've successfully protected steel stacks for many months 
at 400 to 800 F. where other organic finishes failed. 

Combining silicones with alkyd, phenolic, amine resins 
yields a finish that’s less brittle, more adhesive to steel. 
But these combinations generally have somewhat lower heat 
resistance than the straight silicone barriers. 


TOOLS FOR THE JOB 


CONTINUED 


METALLIC COATINGS — how you can get lower-cost 


protection by using higher-cost metals 


When you need the protection afforded by expensive, often 
hard-to-come-by metals but can’t justify them costwise, 
metallic coatings are a likely answer to your problem. 

A wide variety of metallic coatings are available commer- 
cially. But not all of them are applied primarily to resist 
corrosion. In the paragraphs that follow we limit ourselves 
to the common types that are used mainly because of their 
anti-corrosion properties. 


ZINC 


Zinc coats on steel take on a dual function: First, they 
keep steel from rusting by preventing contact with corrosive 
atmospheres—outdoors as well as indoors. Second, zinc pro- 
tects the base metal by cathodic protection. 

Metal’s low melting point allows it to be conveniently 
applied to steel in controllable thin coats at low cost. Thus, 
it’s applied in several different ways: hot-dip galvanizing, 
electroplating, spraying (metallizing), cementation (Sher- 
ardizing) and vapor condensation. 

While zinc does a first-rate job resisting atmospheric cor- 
rosion (an average 2-oz-per-sq-ft surface coating lasts 
about 15 years in a highly industrial atmosphere) it’s not 
frequently used at 450 F or above. And strongly acid or 
alkali conditions cut its life expectancy substantially. 


NICKEL, CHROME 


Nickel and chromium coatings find widest use where they 
must not only resist corrosion, but maintain lustre. 

Protection you'll get from these coatings varies with their 
thickness, nature of the base metal, type of corrosive atmos- 
phere, thickness being the chief factor. 0.5-mil thickness in 
mild atmospheres is roughly equivalent to 2.0-mils in in- 
dustrial areas. A 1.2-mil coating on steel does about the 
same job as 1.0 mil on zinc or 0.4 mil on brass. 

Coatings tend to be porous if they’re less than 1.0 mil, 
exposing the base metal intermittently. When atmosphere 
attacks the metal, porosity increases, making the base metal 
an easier target for corrosion. 

Copper undercoats reduce plating costs. But they don’t 
offer as much protection as the same thickness of nickel. 
Their value varies with different atmospheres, thicknesses. 

Electrolytic nickel-clad steel plate, with coating thick- 
ness anywhere from 0.006 to 0.020 inches, is moving into 
the fabricated industrial parts picture in a big way. Cor- 
rosion-wise, clad steel shows many of the same properties 
as solid nickel — and at substantially lower cost. 

Chrome coatings usually have a nickel undercoat to im- 
prove corrosion resistance, reduce costs. 


TIN 


Hot-dipped tin coatings on steel sheets account for the 
bulk of tin used in the U.S. Resulting tin plate goes almost 
entirely into cans. But tin coatings on iron and steel also 
hold down important anti-corrosion jobs in industry. 

The usual hot-dip process yields coats that are 0.5 to 
1.0 mil thick. Electrolytic techniques, because they do a 
better job controlling thickness, produce coatings as thin 
as 0.015 mil. In either case rusting can start at tiny breaks 
(pinholes) and spread. Thus, if you’re considering tin coat- 
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ings that must stand up for long periods, even in mildly 
corrosive atmospheres, be sure coating thickness is enough 
to keep pinholes to a minimum. Good practice on many 
industrial jobs calls for 2 to 5 mils. 


CADMIUM 


In much the same way as zinc, cadmium performs a 
dual-protection role: It acts as a barrier and, to some ex- 
tent, it supplies cathodic protection. 

SO, and SO, in the atmosphere severely corrode cadmium 
plating. Ammonia fumes and hydrogen sulfide can also 
break down cadmium — especially where humidity is high. 


LEAD 


Compared to other inexpensive coating metals, lead’s 
big advantage for above-ground corrosion problems is its 
resistance to a variety of acids and brines. Engineers use 
it to line process tanks, piping, pumps and other equipment. 

Lead’s ability to resist soil corrosion depends largely 
on minimizing porosity. Thus, thick lead sheaths — com- 
monly used on underground cable — show good resistance 
in a variety of soils that attack thin coatings. To get good 
results with lead coatings underground, soils need to be 
well drained, have relatively high resistivity. 


ALUMINUM 


Aluminum coatings provide a barrier against corrosion 
by forming highly resistant oxide films on their surfaces. 
Once the film establishes itself oxidation tapers off rapidly. 
And breaks in the film are self-healing. 

Important job for these coatings: Protecting ferrous 
metals at relatively high temperatures. 

Aluminum cladding — forming a layer of protective 
aluminum over the base metal by hot rolling a bi-metal 
ingot — produces a corrosion-resistant barrier that’s always 
anodic. So even exposed points get cathodic protection. 


VITREOUS BARRIERS—porcelain enamels resist 


corrosion to 1000 F, ceramic coatings to 2000 F 


as today’s temperature frontiers move up 


Porcelain enamel and its high-temper- 
ature twin, ceramic coatings, form a 
group of inert barriers that may fit 
into your corrosion-control program in 
several important ways: The porce- 
lain enamels (also called glass linings) 
do a top job protecting equipment from 
attack at temperatures to 1000 F. Cer- 
amic coatings work well to 2000 F. 
They can be instrumental in giving 
added life to expensive metals. Or, by 
using these coatings, you may be able 
to substitute a lower-cost metal for 
one you're now using. 

The acid resistance of porcelain 
enamel is a pretty good indication of 
its resistance <to corrosion in general. 
With the right type, you can ward off 
the corrosive effects of practically all 
acids except those that dissolve sili- 
cates, the basic material from which 
porcelain enamel is made. That’s why 
these barriers are widely used to line 
heat exchangers, storage tanks, pumps 
and a host of other industrial service 
equipment. 

Vitreous barriers go back many 
years, even to ancient times. But they 
first moved into the industrial picture 
about 100 years ago. Cast iron pro- 
vided the base metal in those days and 
it still looms large today as a porce- 
lain-coated material. But new metals 
— mainly steels — and applications 
have since added to the versatility of 
glass linings. 

The wet process applies the barrier 
to the metal as a slurry by dip or 
spray. Dry process, used only on cast- 
ings, applies the coating as a powder. 
Crucial factor in both of these 


processes: Making sure metal to be 
covered has few, if any, surface defects 
that can cause headaches during firing. 

After barrier is applied, its fred 
at temperatures as high as 1650 F for 
several minutes or more. Exact tem- 
perature, time depends on barrier used, 
metal thickness, where it will be used. 
Barriers go on in one or more layers 
and each one is fired separately. 

Life you can expect depends, largely, 
on choosing the right coating to suit 
your needs and avoiding mechanical 
injury, chipping for instance, to it. 
With reasonable care, vitreous mate- 
rials can last many years. 

Bonding. While there’s less than 
full agreement among the experts on 
the mechanism of coating bonding to 
the metal we can, for all practical 
purposes, say that it’s a combination 
mechanical-chemical action. The en- 
larged (200 diameters) view of glass 
lining bonded to steel, top right, shows 
that the two are inseparably fused. 

Refractory ceramic coatings’ job is 
to protect the high-temperature alloys 
from high-temperature oxidation, a 
form of corrosion we talked about on 
page 78. Upper limits for such coatings 
are pushing beyond 2000 F in the gas- 
turbine field. 

In addition to their corrosion re- 
sistance. the ceramic coatings can take 
thermal shock, resist chipping, crack- 
ing, blistering and erosion by high- 
velocity hot gases. But to develop best 
properties many of these coatings must 
be extremely thin—a few thousandths 
of an inch or less. So controlling their 
thickness is critical. 


Glass as a piping material 


While glass has some obvious natural limitations as a Piping material 
it also has some big advantages. Its corrosion resistance, under a variety 


of conditions, is excellent. 


Although glass is attacked by water at temperatures greater than 
300 F, temperature isn’t a bar to satisfactory service. But high-tempera- 
ture combined with high-alkalinity can be a headache. 

Today’s glass piping is making sizable gains in the food, pharma- 
ceutical and chemical process industries — largely because of its cor- 
rosion resistance. It’s available in standard sizes from one to six inches. 


THE INSEPARABLE BOND that forms be- 
tween glass lining and steel depends 
largely on combined mechanical-chemical 
action. But experts differ on the mech- 


anism that causes the coating to adhere 


Glass linings are 
proving themselves 
on steel stacks 


The glass-lined — inside and out — 
steel stack being installed above has 
been in service more than two years. 
And results thus far point up its ex- 
cellent possibilities. 

The glass coating eliminates accel- 
erated corrosion engineers often run 
into at low flue-gas temperatures. And, 
compared to brick-lined stacks, they're 
considerably lighter. Thus, foundation 
and support requirements are less. 

Present cost of the glass-coated 
stack is about 50% more than for an 
unlined steel stack. But expected life 
jumps approximately 100%. 
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TOOLS FOR THE JOB 
CONTINUED 


TAMING THE CORRODENT— part of a two-pronged 


So far we've talked about ways of warding off corrosion by improving 
the metal’s ability to resist corrosive attack — either by cathodic protec- 
tion, alloying elements, organic, metallic and vitreous barriers. Now we 
go at the problem from another angle: Taming the attacking medium. 
This approach applies mainly when we deal with liquid-media corrosion 
problems. And, often, we team it up with techniques already discussed. 


ppm 
TION effects on cor- 
at various temperatures __ 


avg CO2, 3 ppm 


Eliminate dissolved oxygen 


Corrosion fundamentals, pages 74- 
77, showed us how oxygen attacks 
metals, reacting with hydrogen at 
the cathodic surface, forming water 
and depolarizing the surface, per- 
mitting additional metal to dis- 
solve. Graph, top left, shows the 
effect of oxygen concentration on 
low carbon steel at different tem- 
peratures. Notice that while the ef- 
fects of oxygen are relatively mild 
at lower temperatures, corrosion 
rate more than doubles when tem- 
perature goes from 90 to 120 F. 

Chief source of dissolved oxygen 
in water is the atmosphere. Deep 
well waters are usually devoid of 
oxygen, while most surface supplies 
are saturated with it. 

Solubility of oxygen in water 
depends on temperature and pres- 
sure. Graph, second from top, left, 
points up their combined effects: 
(1) Increased pressure increases ox- 
ygen solubility. (2) Increased tem- 
perature lowers oxygen solubility. 
We use these facts in reducing wa- 
ter’s oxidizing capacity. Here’s how: 

Deaeration, the removal of dis- 


solved gases such as oxygen and 
carbon dioxide, raises water to its 
saturation temperature correspond- 
ing to deaerating pressure. Deaerat- 
ing heaters are designed to mix 
water with scrubbing steam. They 
also vent released gases. 

Principle deaerating heaters are 
the tray, spray-reboiler and jet-at- 
omizing types. Butjsometimes, in 
central-station operation, we de- 
aerate in surface condensers that 
have deaerating hot wells. Con- 
denser spills condensate into hot- 
well through a steam atmosphere. 

Sodium sulfite, a chemical de- 
aerant, combines with oxygen, to 
form sodium sulfate. Reaction is a 
fast one at 212 F and above. Thus 
we feed sulfite to boiler water. Best 
PH for this reaction is 9.0-10.0. 

Hydrazine, a reducing agent 
that’s been getting much attention 
recently, reacts with oxygen, form- 
ing water and nitrogen. Advantage 
of this material: no additional salts 
form in the reaction. (For more 
info on hydrazine see Power, Nov. 
1956, pages 80-82.) 


Reduce carbon-dioxide content 


Oxygen is roughly five to ten times 
more corrosive than carbon dioxide. 
But the two gases acting together 
are 10 to 40% more corrosive than 
the same quantity of the two gases 
acting separately. 

Carbon dioxide dissolved in 
water forms carbonic acid, a rela- 
tively unstable compound. Only in 
the form of carbonic acid can a 
gas solution pressure be exerted — 
a necessary condition for removal 
of free carbon dioxide by deaera- 
tion. Thus, most efficient carbon- 
dioxide removal requires lower 
(more acidic) pH values. 

Chief source of carbon dioxide 
in condensate is the bicarbonate 


and carbonate alkalinity of boiler 
makeup water. High temperatures 
cause them to decompose and lib- 
erate carbon dioxide that becomes 
entrained in steam. 

Curves, second from bottom, left, 
show that when other conditions 
are constant, corrosion is propor- 
tional to carbon dioxide concentra- 
tion of condensate. Even up to 5- 
ppm carbon dioxide, corrosion gen- 
erally isn’t serious. A close look at 
the bar graph, bottom, left, shows 
that several water-treating meth- 
ods can meet these requirements 
by reducing alkalinity. 

Alkalies and phosphates have 
limited application for neutralizing 


attack on your corrosion problems 


ls changing the environment a better way to handle corrosion problems 
shan protecting metal likely to be attacked? There’s no pat answer. It’s 
largely a question of economics and technical requirements of the power 
service of process. But the methods we highlight below represent generally 
accepted practice. For more detailed info, see Power Special Report, 
‘Fundamentals of Feedwater Treatment,” December 1947. 


zarbon dioxide in steam. Difficulty 
in evenly dispersing the treatment 
throughout steam, and objection to 
adding inorganic solids are draw- 
backs. 

Ammonia neutralizes carbon di- 
oxide in central-station systems 
with low makeup. It’s fed as am- 
monium hydroxide or ammonium 
sulfate. Ammonia can do a good 
job in protectin’ ferrous metals. 
But opper and zinc bearing ma- 
terials are likely to corrode. 

Neutralizing amines (cyclohex- 
vlamine, morpholine) * can safely 


neutralize carbonic acid. Unlike 
ammonia, the amines in low con- 
centrations aren’t corrosive to cop- 
per, zinc. Their main limitations: 
(1) They provide no protection 
against oxygen attack. (2) They’re 
relatively high cost. 

Filming amines (octadecylamine, 
dioctadecylamine) deposit a pro- 
tective non-wettable film on the 
metal’s surface. Thus, they protect 
against oxygen as well as carbon 
dioxide attack. And film doesn’t 
break up during short periods when 
you must interrupt treatment. 


Keep pH within right limits 


At pH values below approximately 
4.5, free mineral acidity exists and 
can cause serious corrosion. Waters 
saturated with acid drainage, for 
example, are highly corrosive. So 
neutralizing them before use is es- 
sential. But in the range of most 
natural waters, especially where ox- 
ygen is present, pH isn’t the con- 
trolling factor. Graph, top right, 
shows that when we eliminate car- 
bon dioxide and effects of other 


Control humidity 


While reducing humidity doesn’t 
fall under the heading of liquid- 
media corrosion problems we in- 
clude it here because it does change 
the metal’s environment. 

Except at elevated temperatures, 
clean dry air doesn’t corrode metal. 
Moisture ands or contaminants are 
essential ingredients in the corro- 


contaminants, corrosion rate of 
pure zinc is low when water is be- 
tween pH 6-12. 

Soda ash and caustic soda are 
alkalies that neutralize acidic char- 
acteristics of boiler feedwater. Ex- 
cept in special cases of high-pres- 
sure boiler operation, chemical 
consultants recommend pH of ap- 
proximately 10.5. But by treating 
for scale, sludge, you maintain cor- 
rect pH automatically. 


sion process. Graph, second from 
top, right, shows results of atmos- 
pheric corrosion tests on mild steel. 
Critical relative humidity is in the 
neighborhood of 65%. Above this 
figure corrosion rate climbs rapidly 
— especially where other impurities 
are present. Thus, air conditioning 
is the corrosion engineer's ally. 


Cut back liquid’s speed, temperature 


Trimming liquid temperature and 
speed can go a long way toward 
minimizing corrosion. Two lower 
graphs, right, show trends. Velocity 
curve plots a test on water at 120 F. 
Higher liquid speeds boost depolar- 
izing effect by bringing larger quan- 


tities of oxygen into contact with 
the cathodic surface. 

Notice, on bottom graph, that 
in systems where oxygen is free to 
escape, temperature effect is less 
severe. At saturation temperature, 
corrosion rate dips sharply. 
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INHIBITORS -— these chemical compounds control corrosion 


by polarizing anodes or cathodes—or both 


be 
Weetalked about some inhibitors of 
importance to power men when we 
considered ways to protect against car- 
bon-dioxide attack. Here we’ll consider 
inhibitor use—inorganic and organic— 
as a major technique of the corrosion 
engineer. Inhibitors are especially im- 
portant in water-supply systems, cir- 
culating-water systems for cooling and 
air conditioning, steam and condensate 
lines, brine systems. 

Inhibitors are classified in various 
ways, depending on which yardstick 
you want to use. On the basis of their 
chemistry they’re inorganic (sodiuri 
dichromate, sodium nitrite, etc.) and 
organic (glucosates, amines, phenyl- 
hydrazine, etc.). According to polariz- 
ing action they're anodic (phosphates, 
chromates, etc.), cathodic (arsenic and 
nickel salts, etc.), or general (gelatin). 
By application they’re divided into 
brine inhibitors (sodium dichromate), 
water inhibitors (phosphates, silicates), 


antifreeze inhibitors (sodium tetra- 
borate), steam-condensate inhibitors 
(amines, hydrazine, sulfites, phos- 


phates, etc). 

Inhibitors generally retard corrosion 
by increasing polarization rate at either 
the anode or cathode metal—or both. 
Anodic types polarize the anode—they 
shift anode potential toward that of 
the cathode. Cathodic types take the 
reverse approach. Inhibitors can also 
do their job by building up an elec- 
trically resistant film in the conduction 
path between anode and cathode. 

A close look at the graphs above 
shows how anodic, cathodic inhibitors 
affect corrosion. We’ve already seen, 
page 77, that when current flows in a 
galvanic or electrolytic cell, anode and 
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cathode potentials tend to shift toward 
each other. Corrosion current density, 1 
corresponds to maximum possible cor- 
rosion rate without inhibitors. A com- 
pound that can boost polarization at 
the anode moves limiting corrosion 
current density to 2, thus reducing cor- 
rosion rate. We can get the same effect 
by increasing polarization at the cath- 
ode, 3. Corrosion would be completely 
stifled if anode, cathode potentials con- 
verged at negligible current density, 4. 

Anodic inhibitors, if they're not 
used right, can actually accelerate cor- 


» 


rosion. Here’s how: In talking about 
fundamentals, page 77, we saw that 
corrosion rate is propor#ional to current 
flow per unit area. If it’s proportional 
to the anode area (anode control), drop 
in corrosion rate depends on how much 
of anode area is polarized. But if cur- 
rent flow is limited by cathode area 
(most common corrosion type) corro- 
sion isn’t affected by decreasing the 
anode areas. Thus, if you use an anodic 
inhibitor in low concentrations, it may 
not be sufficient to protect the entire 
surface. Result: Concentrated pitting. 


Inorganic inhibitors and corrosion systems | 
in which they are effective 


Approximate 
inhibitor. 
concen- 


Inhibitor tration, % 


Glossy phosphates 
Potassium dichromate 


Smell amount 
0.05-0.2 
Potassium dihydrogen phos- 
phate + sodium nitrite 


Small amount 


Potassium permanganate 
Sodium benzoate 


Sodium carbonate Smalt amount 


Sodium chromate >0.5 


Sodium chromate 
Sodium dichromate 


0.07 
0.025 


Sodium dichromote 
+ sodium nitrate © Brg 


0.1 + 0.905 


0.002 

Smali amount 
: 0.005. 

20% of sea 
woter 

ye 

Smoll amount 


Sodium hexametaphosphate’ 
Sodium, metaphosphote 
Sodium nitrite 

Sodium: nitrite 


Metallic 
system. 


Corrosive 
environment 
Steet 
lron- brass 


Water systems 
Tap ‘water 


Seo water Steel 


0.30 N NaOH solution 


0.03% NaC! solution 
Gas-condensate wells 


Aluminum 
Mitd steet 
iron 


Cooling water 


CaCly brine 
Air-conditioning 
water 


Water 


Water about pH 6 
Ammonia 

Water 
Sea-water/distilled 
water mixtures 


Water pH 7,25 
Sea water 


Electricat: rectifier 
systems 


Cu, brass 
Air-conditioning 
equipment 


Heat-exchangers 


Lead 
Mild-steal. condensers. 


Mild steel 


Mild steel = > 


fron 
Zn, Zn-Al alloys 


TEMPORARY PROTECTION — how to combat corrosion 


of metal parts during shipment and storage 


In a class by themselves because their 
zhief job is to protect all kinds of fab- 
zcated metal parts while they stand 
-die during storage, shipment and be- 
tween manufacturing steps, temporary 
Dreventives are an indispensable tool 
2: the corrosion engineer. Actually, 
sagging them “temporary” is mislead- 
ıng because their protective qualities 
may be equal or superior to permanent 
coatings during their applied life. 

Essential features of any temporary 
preventive: It must be easy to apply, 
and even more important—easy to re- 
move. While it’s on the metal it must 
stand guard against the corrosive ef- 
fects of humidity, fumes, fingerprints, 
weathering and water. These coatings 
also prevent mechanical damage—nicks, 
burs—and preserve metal’s original ap- 
pearance. 

The major preventives include (1) 
grease types (2) oil types (3) solvent 
types (4) strippable plastic types. Each 
has special advantages, limitations. 

Grease preventives are thick-coat 
compounds that won’t melt or flow at 
ordinary room temperature. Materials 
range from soft petrolatums to hard 
wax-like compounds. Softer coatings 
are for moderate shipping and storage 
temperatures. Harder coatings stand 
up under higher temperatures. 

Dipping in heated tanks is the usual 
way of applying the greases. And, ex- 
cept for some hard solvent-drying 
types, they require the most time and 
effort to remove. 

Oil preventives include the non- 
drying, non-setting oils of various vis- 
cosities. But even with the heaviest of 
these oils, protective films won’t be 
thicker than .0002 in. And they attain 
final thickness by draining only—with- 
out setting or drying. 

Solvent cut-back preventives can 
be subdivided according to the solvent 
and material dissolved in it. 

(1) Dry-type films: asphaltic resin 
and waxy. These are thin, fairly hard 
films that look like varnish. They’re on 
a par with protection you'll get from 
heavy greases. And they withstand 
abrasion, handling. 

(2) Water-displacing: These usually 
contain substantial amounts of soap- 
like materials that actually remove 
droplets of water from metal surfaces 
by “preferential wetting.” Preserva- 
tives’ attraction toward the metal sur- 
face is greater than that of water, dis- 
placing the water. Big reason for their 


use: They save time, labor by permit- 
ting the easy preservation of wet parts 
in one simple dip. 

(3) Fingerprint removers: These 
contain water, an organic solvent and 
preserving additives. After fingerprint 
residues—acidic organic materials, salt, 
etc.—are dissolved, the additives form 
a protecting film. For long-term stor- 
age remove this film and replace it 
with a more lasting preservative. 

(4) Combination solvent preserva- 
tives: Solvent is combined with either 
an oil, grease or wax-type preservative. 
If solvent content is low and you spray 
or brush it on, final film is relatively 
thick — comparable to greases. But, 
more often, these films are thin. 

(5) Water soluble compound is a 
low-cost coating from which the water 
evaporates, leaving an oily film. 

Strippable plastics are a combina- 
tion of special oils, plasticizers, inhibi- 
tors, synthetic resins and plastics. 
Coatings are thick, from .050 to .100 
in. And they have several unique fea- 
tures: They'll give you top corrosion 
as well as mechanical protection. And 
you can easily remove them by slitting 
and peeling. These coatings are ap- 
plied from hot tanks. 

First essential step, before you can 
use any of these coatings is thorough 
cleaning of the metal. Here are com- 
mon ways: (1) Mechanical — sand 
blasting, tumbling, shot blasting, scratch 
brushing. (2) Chemical—solvents, alka- 
lies, emulsions, electrocleaning. 


ies 


BEFORE: sleeve about to be 


dipped in 


Bearing 


solvent preventive, will be 


stored for many months before use 


FOR Y pant ti 


AFTER: 
wards off rusting but won't scrape off 


Solvent preventive not only 


when sleeve is assembled for shipment 


CONSIDER THESE POINTS... 


Before choosing a cleaner 

@ What kind of dirt do you want to remove? 
@ How clean must metal be? 

@ Will cleaner chemically attack the metal? 


@ Are there any major safety hazards involved 


— fire, toxicity? 


Before choosing a preventive 


@ What are storage conditions like—tempera- 
ture, humidity? 


@ How long must corrosion protection last? 


@ What facilities do you have for applying, 
removing coatings? 


@ What about functions other than protection 


—lube qualities? 
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COMBATTING CORROSION 


Now let’s put 


OXYGEN PITTING is caused by liberated gir bubbles 
that attach themselv metal, start localized attack 


anti-corrosion 
tools to work 


¢ 
Having viewed most of the major weapons available to : > sal 
combat corrosion were in much the same position as the 5 
general who must decide where to use his heavy artillery : 
and where to use his infantry—and how one can best back 
up the other. 

In getting the most from our corrosion arsenal we must 

ecide whether corrosion-resistant metals alone can beat off 
the attack or whether they must be backed up with inert 
barriers. Is it smart tactics to go along with cathodic pro- 
tection? If so, to what extent? To come up with the right 
move we—like the general—must know our enemy. What’s 
more, we must know how he’ll act under specific battlefield 
conditions. Our battlefields are the steam and condensate 
systems, cooling-water systems, combustion systems and a 
host of other likely targets for corrosion. 

In the next ten pages we'll get to know how the enemy acts 
under a variety of field conditions. And we'll see which 
weapons give us an effective defense. In considering them 
we'll take into account economic as well as technical re- 


GROOVING, PITTING in this condensate return. line 
is due- to action of carbon dioxide in dissolved form 


HEATER FAILURE due to combined -erosion-corro 
High-speed. steam prevented, byildup of protective rus 


quirements that need to be weighed carefully. 


Corrosion in steam and condensate systems... 


As operating temperatures and pres- 
sures for power-service equipment con- 
tinue to climb, corrosion problems in 
steam and condensate systems become 
more complex. And — if you ignore 
them — they become more costly. 

Common chief offenders when it 
comes to steam and condensate return- 
line corrosion are oxygen, carbon diox- 
ide and ammonia. But they must be in 
solution before they become aggressive. 
Other influencing factors are condensa- 
tion rate, contact time, temperature, 
galvanic action, low pH. 

Oxygen in steam and boiler feed- 
water can stem directly from the water 
itself or it can enter at various points 
in the condensate system. Good prac- 
tice calls for heating makeup water to 
its saturation temperature in a deaerat- 
ing heater, lowering oxygen’s solubility 
(see curves, page 90). Separated oxy- 
gen is vented. Deaerating heaters can 
remove virtually all oxygen. 
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In vacuum return systems or in 
gravity systems. oxygen can infiltrate. 
Even where the system is under pres- 
sure, oxygen finds its way in during 
down time. 

Cooling water, often injected into 
vacuum pumps to lower condensate 
temperature, usually contains substan- 
tial amounts of dissolved oxygen. Con- 
trolling water temperature thermostat- 
ically keeps oxygen to a minimum. 
Also, catalyzed sodium sulfite can be 
injected. It reacts with oxygen, elim- 
inating it from cold water. 

You can spot carbon dioxide—the 
usual cause of steam and return line 
corrosion—by its general thinning of 
the pipe wall or grooving along the 
bottom. The chief source is the bi- 
carbonate and carbonate alkalinity of 
makeup water. 

Today's thinking on handling the 
CO, problem takes a variety of forms. 
Hot lime-soda or lime-gypsum soften- 


ing reduces alkalinity to the 40-50 ppm 
range—mainly in the carbonate form. 
Using hot lime-hot zeolite reduces CO, 
further by minimizing alkalinity of the 
softener effluent. Reducing alkalinity 
to the 20-30 ppm range is common 
practice. 

Systems that operate “cold” and 
that can reduce or virtually eliminate 
carbon dioxide are (1) sodium zeolite, 
followed by acidification, degasifica- 
tion and neutralization (2) acid zeolite 
followed by neutralization (3) split- 
stream combination of sodium and 
acid zeolites followed by degasification 
(4) sodium zeolite-chloride, commonly 
called dealkalization, and (5) demin- 
eralization, with degasifier between acid 
and basic-ion exchangers. 

You can, by choosing the right ex- 
ternal treatment process, bring CO, 
down to about 5 ppm or less. At this 
level corrosion generally won’t be seri- 
ous. But before you get too wrapped 


“sirculat 


GENERAL THINNING of condensate line can eventually _ 
eat through pipe. Carbon dioxide was culprit here too 


oxygen 


ion is sluggish 


ANOTHER WAY to spot carbon dioxide groovin; 
It’s invariably on bottom of pipe where water di 


what it looks like... what you can do about it 


=p in removing the last traces of re- 
s:dual CO, take a good look at the 
sconomics. Extreme refinements in ex- 
ternal treatment may not be justified, 
especially if you plan to team it up 
with internal treatments — injecting 
amines directly to the boiler for ex- 
ample. Many of the inhibitors we 
talked about on page 92 apply to CO, 
zontrol, 

Another approach to licking the 
ZTO, problem and condensate-system 
zorrosion in general: Backing up good 
:hemical treatment with right choice 
zÍ piping material. The Code for Pres- 
sure Piping, published by The Ameri- 
can Society of Mechanical Engineers 
:s an excellent guide. 

Swinging over now to steam-generat- 
:zg equipment, corrosion and pitting 
-sually mean that low pH and dis- 
solved oxygen have been at work. 
Sodium sulfite is the reducing agent 
that's generally favored to remove oxy- 


gen in the boiler because it’s low cost, 
easy to handle, and doesn’t form scale. 
Other chemicals—organic colloids, hy- 
drazine—can also do a good job. (See 
page 90 for more info on pH, oxygen). 
Recirculating boiler water—about 
1 or 2%—and returning it to the boiler- 
feed line — either before or after the 
boiler-feed pump — boosts alkalinity, 
Provides an added measure of protec- 
tion against corrosion. It’s often used 
on low-makeup systems. 
Intergranular corrosion, also called 
intercrystalline cracking or caustic 
embrittlement, attacks welded-drum 
boilers at rolled-in tube ends. On 
riveted construction, seams are a likely 
weak spot. Engineers tag this corrosion 
form caustic embrittlement because 
sodium hydroxide (caustic soda) in 
boiler water is its chief cause. Also, 
it appears as a brittle fracture. 
Conditions promoting embrittlement 
are (1) boiler-water leakage (2) high 


stresses due to cold working of the 
metal or expansion and contraction (3) 
water chemically attacking metal. En- 
gineers haven’t come up with a cure- 
all that will handle every embrittle- 
ment condition. So licking the problem 
dépends on carefully matching condi- 
tions in your boiler to available con- 
trol methods: pH-phosphate control, 
sodium nitrate, tannin inhibitors. 
pH-phosphate treatment involves 
simultaneous control of both the pH 
and phosphate content of boiler water. 
Sodium nitrate can be fed continuously 
to boiler feedwater or directly to the 
boiler drum. Its job is to maintain a 
definite sodium nitrate, sodium hy- 
droxide ratio that inhibits embrittle- 
ment. Tannins also establish a definite 
tannin-sodium hydroxide ratio. 

You can often tell the cause of cor- 
rosion in steam and condensate sys- 
tems by corroded part’s appearance. 
Photos above show common types. 
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DEZINCIFICATION of a. condenser-tube 
sheet (90-10 copper-tin) on salt water 
side. Half of sheet thickness is lost 


PITTING CORROSION of cast-iron die- 
sel cylinder liner after only six months 


service. Salt water was cooling medium 


CORROSION of a bronze 
this salt-water circulating 


CAVITATION 
impeller in 
pump virtually destroyed impeller blades 


Cooling system corrosion... backing up right metal 


Cooling-water corrosion might well be one of your major 
headaches, regardless of whether you’re responsible for air- 
cohhditioning, steam-power generation, compressed air, re- 
frigeration, diesels, gas engines or heat-exchange processes. 
A variety of factors influence cooling-water corrosion. 
We've listed the most common ones in the table below. 
Most important among these are water composition—dis- 
solved oxygen and carbon dioxide, pH and dissolved solids. 
Temperature, velocity, contact with dissimilar metals (gal- 
vanic action) also shape up as key factors in many systems. 
Right approach to the problem depends largely on which 
type of system you have. You can, for example, economically 
justify more extensive treatment in recirculating systems 
than in once-through types, largely because of relative water 
quantities involved. In open systems, effect of toxic inhibi- 
tors in windage and spray losses can be dangerous. 
Corrosion control in any of these systems starts in the 
design stage—good mechanical design and choosing the right 
metals. Many of today’s copper-base and aluminum-base 
alloys ward off corrosion in heat exchangers and condensers. 
From an operations and maintenance viewpoint, corro- 
sion control boils down to chemical treatment, cathodic 
protection and protective coatings. 


_ Impingement corrosion 


: Alloy composition 

Water composition 

Velocity of water 

Sand, marine. orgonisms, gases 
Partial obstructions in tubes 
Galvanic $ 
Temperature 
Vibration ; 
Design, depth o of water boxes, radius of Fuca etc. 


Pitting 


: Alloy composition 
Water composition 


Lack of cleaning (deposits) 
“> Temperature : 
< Sand, silt, muck, marine oe (deposi 
- Surface films — 
Galvanic : 
_ Velocity of water. 
- Vibration 


In once-through systems you can get protection by 
building up a film of calcium-carbonate scale. Common 
chemicals for this purpose are soda ash, caustic soda and 
lime (calcium hydroxide). Lime is usually the lowest-cost 
method because it raises the calcium cgħtent as well as 
alkalinity and pH, thus creating right conditions for scale 
buildup. Major drawback to this technique where heat trans- 
fer is involved: Difficulty in controlling scale thickness so 
that you get overall protection without materially interfer- 
ing with heat transfer. 

Removing dissolved oxygen itself, attacks the problem 
more directly. Mechanical deaerating methods like vacuum 
deaeration do a good job. But relatively high investment 
and operating costs limit its use. 

Chemical deaeration with sodium sulfite works well at 
higher temperatures. But at common cooling-water tempera- 
tures the reaction between sulfite and oxygen is slow. Re- 
cent development of catalysts to speed the reaction now 
make chemical deaeration practical. 

Corrosion inhibitors most widely employed in industrial 
cooling-water systems are the chromates, polyphosphates, 
silicates, nitrites and dianodic combinations of phosphates 
and chromates (a combination of two anodic inhibitors that 


Factors controlling corrosion 4 


| racking 


Alloy composition 
Creep, temperature 
Corrosion fissuring 
Stress {residual, static, thermal) © 
Vibration-fatigue 

Corrosion: fatigue 

Shock 

Design 

internal flaws 

Slimes 


Thinning or general corrosion 


- Alloy composition 
-Water composition 

— Velocity 
Sand, silt, muck, marine organisms 
Temperature 


á 
SLIME TEAMED UP with» calcium carbo- 
nate scale and 


ae 


CORROSION FATI 


corrosion products in 
this aftercooler waterbox to clog system 


GUE crack in a vibra- 
ting aluminum-brass condenser tube. En- 
gine vibrations supplied fatigue effect 


IMPINGEMENT CORROSION of admi- 
ralty condenser tube is due to entrained 


air (oxygen) in water, destroying film 


with chemical treatment satisfies most needs 


produce better results than either used alone). Also showing 
strong promisé® are many of the organic inhibitors. 

As you might expect, biggest problem with the once- 
through systems is cost. For this reason, corrosion inhibitors 
are fed only in sufficient quantity to control severe corro- 
sion, It’s the rare once-through system that uses sufficient 
:nhibitor to completely stifle corrosive attack. 

Open-recirculating-system corrosion can be even more 
=:ficult to cope with than corrosion headaches in once- 
tnrough systems. Intimate contact of the cooling water with 
zir as it passes over the cooling tower or through spray 
zonds, continuously saturates it with dissolved oxygen. 
Towers in industrial areas may also be contaminated with 
sulfur dioxide, ammonia, hydrogen sulfide. And the buildup 
:i dissolved solids—chlorides, sulfates, etc.—as the system 
:v cles, adds to corrosion. 

Closed systems. For ease of corrosion control, closed 

stems hold a big edge over other types.’ Cycling doesn’t 
znd to concentrate dissolved solids. Water doesn’t con- 
-.-uously contact the oxygen-laden atmosphere. And system 
: generally free of “open-system” headaches. 

closed systems make economical use of inhibitors 
-:iause they lose relatively little water. Thus, chromates 


... in cooling-water systems 


intergranular 


Alloy. composition 
Water composition 
Low velocity 
Temperature 
Stress 

Design 

Scale or slime 


are used extensively. But chromates aren’t compatible with 
ethylene glycol anti-freeze solutions. These solutions nor- 
mally incorporate organic inhibitors. 

Closed cooling-water systems almost always get the nod 
for diesel and natural-gas-engine cooling” and for chilled- 
water air-conditioning systems. 

Cathodic protection is a strong contender for guarding 
once-through systems that face highly concentrated corro- 
sion problems. Where sea water or brackish water passes 
through condenser circulating-water systems that include 
steel or cast-iron water boxes and copper alloy tubes and 
tube sheets, powerful galvanic corrosion cells are likely to 
exist. Result: Deep pitting of steel water boxes and graphitic 
corrosion of cast-iron water boxes. A well-designed cathodic 
protection system can choke off these effects. Protective 
anodes — often zinc, magnesium or aluminum — are mount- 
ed in the water box or on the water-box cover. 

Synthetic-resin-base coatings we talked about, pp 86- 
87, can stand up underwater for long periods of time. Thus, 
they're used to back up cathodic protection by covering 
water-box sides and cover as well as tube sheets and tube 
ends. These protective barriers reduce the required num- 
ber of anodes as well as stretch anode life substantially. 


Corrosion in refrigeration systems 


Brines are generally conceded to be chief offenders 
when it “comes to _Yefrigerating-system. corrosion. 
They're strong solutions of calcium. or sodium 
chloride. Because of its low freezing point, calcium 
brine gets the nod most often. 

Corrosion rate depends on type of brine, extent of 
magnesium-chloride contamination, pH, contacting 
metals and brine density. 


Dezincification ` 


Alloy composition 
Water composition 
Temperature 

Low velocity 

Salt, sand, etc. 


Corrosion committee of the American Society. of- 
Refrigeration Engineers makes these recommenda- 
tions: (1) For calcium brines — 100 pounds sodium 
dichromate per 1000 cu ft of brine. Also, enough 
sodium hydroxide (caustic soda} to convert dichro- 
“mate to neutral chromate. (2) For sodium brines — 
. 200 pounds of sodium dichromate per 1000 cu ft. 
_ Add caustic soda here too. And for best results renew 
dichromate semi-annually. 
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METAL WASTAGE on this diesel-engine piston head re- 


tion of flyash in annular space be- 
tween boiler tube and protective pad 


sulted from harmful impurities in residual fuel oil 


Bea 


“VANADIUM ATTACK, from 


fuel oll, corroded this 


_ hanger 


mizer tube due to local bending stress 


Combustion ...it presents low- as well as 


We've already seen how temperature 
affects corrosion, p 91. What happens 
if we allow temperatures to soar well 
over 1000 F and compound the prob- 
lem with the corrosive effects of com- 
bustion gases and their condensation 
products? What steps can we take to 
avert possible consequences? 

Best approach to controlling-com- 
bustion-products corrosion is the two- 
pronged attack stressed throughout 
this report: Improving metal’s resist- 
ance to corrosion and taming the cor- 
rodent. 

High-temperature oxidation cor- 
rosion generally makes its presence 
felt by alternate scaling, spalling of 
oxide layers; see sketches, facing page. 
But if conditions are right for scale 
buildup, corrosion drops off rapidly 
as scale thickness grows. Also, oxida- 
tion increases as temperature climbs. 
And rate of increase is greater at 
higher temperatures. 

High-temperature oxidation can 
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occur in pure air or oxygen. But from 
a practical viewpoint we need to look 
at it along with a variety of factors 
that tend to complicate the picture. 
The presence of moisture or carbon 
dioxide speeds oxidation. And the ef- 
fect is more pronounced at higher 
temperatures. Sulfur dioxide, common 
component of furnace gas, boosts scal- 
ing rate and can bring on deep inter- 
granular corrosion. But, surprisingly, 
excess free oxygen in the furnace at- 
mosphere tends to nullify the inter- 
granular effect on steels. 

Velocity too plays a key role in de- 
termining nature of the scale. Scaling, 
spalling become more intense at higher 
gas speeds. But rate of increase dips 
and eventually levels off as velocity 
climbs. 

We've already seen how changing 
the gas atmosphere (supplying excess 
oxygen) can reduce high-temperature 
corrosion. Another technique along 
similar lines: Increasing ratio of car- 


bon monoxide to carbon dioxide in 
combustion gas. Drawback of this 
method: It cuts into combustion effi- 
ciency. Better way is to boost metal’s 
corrosion resistance. 

Boiler, internal-combustion engine 
and gas-turbine manufacturers are 
well aware of problems associated 
with combustion-products corrosion. 
And part of their first line of defense 
are today’s corrosion-resistant metals. 
Adding alloying elements—chromium, 
nickel, silicon, aluminum—to steel, see 
pp 82-83, goes a long way toward 
heading off the corrosion problem be- 
fore it has a chance to start. Widely 
used ferrous alloys that resist high- 
temperature oxidation are the high- 
chromium irons, chrome-nickel irons 
and austenitic chrome-nickel steels. 
Superheater steels contain varying 
amounts of chromium, molybdenum. 

Sulfur, vanadium, alkali ash and 
sodium in fuels can be a major head- 
ache because they form a low-melting 


How oxide scales 
break down 


BLISTERING 


Y4 


SHEAR CRACKING 


FLAKING OR SPALLING 


Among factors influencing resist- 
ance to high-temperature oxida- 
tion, physical characteristics of 
scale share top importance. 

Blistering may occur in oxide 
-ayers having good elasticity but 
poor adherence to the metal sur- 
Pace. 

Shear cracking on the other 
zand will be found in oxides that 
are adherent but brittle. 

Flaking or spalling results 
when the oxide is both brittle 
and non-adherent. 

As the scale peels away it ex- 
roses a fresh area to further 
attack. And loss of the oxide 
zauses progressive thinning, ulti- 
mate failure of the metal. 


SIMPLIFIED FORM—high-temperature work sheet—is filled out and returned to cor- 
rosion-resistant-metals producer who supplies data, helps you choose right metal 


high-temperature corrosion problems 


` s:ag which is extremely corrosive 
~=tals and alloys above 1200 F. 
“*:ating Bunker C oil, for instance, 
“:™ ive one or more of these im- 
~s. or using additives to raise 
: meiting point are possible cures. 
= esels, If cylinder-wall tempera- 
zre above the dew point, sul- 
22:2 doesn’t form (from combus- 
z7ičucts of sulfur-bearing fuels). 
tnére’s little likelihood of corro- 
34t light-load operation drops 
~ Dscature, makes sulfuric acid for- 


wa 


: aS poor combustion condi- 
.. if you allow them to go un- 
contribute heavily to corro- 


“Tatin tasier. And ash content of the 


-~ = boiler is afflicted with high- 

ziure oxidation it generally 

7 on external surfaces of tubes 
z radiant heat. Metal sur- 
: riug and looks flat. 

~ ower temperature sections—air 
-= e2snomuzers, stacks—of boiler 


combustion-gas systems, requirement 
of low flue-gas temperature for high 
boiler efficiencies comes in conflict 
with the corrosion problem. When a 
high-vanadium fuel burns at tempera- 
ture that melts the ash combustion 
products, vanadium ash deposits as a 
corrosive dense-slag residue. Also, 
vanadium acting as a catalyst pro- 
motes formation of sulfur trioxide 
from sulfur dioxide. Result: Corrosive 
sulfuric acid when combustion gases 
dip below their dew-point temperature. 

Today’s boiler designers lick the 
problem via several routes. They de- 
termine and stay within minimum al- 
lowable tube-metal temperatures in 
designing air heaters, economizers. In 
pinning down these temperatures they 
take into account type of fuel burned, 
firing method. 

Corrosion-resistant steels are often 
teamed up with flue, duct and stack 
linings made of corrosion-resistant 
concretes and refractories. Also, glass- 


lined stacks, p 89, are beginning to 
enter the picture. 

Advent of fuel additives in recent 
years to retard combustion corrosion 
has produced some good results. But 
you'll do well to exercise extreme care 
in their use. An additive that does a 
good job under one set of conditions 
may be completely ineffective under 
conditions that seem to vary only 
slightly. Where sulfur acids cause 
trouble, additives are generally alka- 
line compounds. Aluminum and sili- 
con compounds are often favored to 
cope with sodium, vanadium in fuel. 

When firing vanadium-bearing fuels 
it’s possible to get a soft ash that’s 
more readily removable and less cor- 
rosive than hard slag deposits that can 
form in superheater regions. Additives 
of aluminum, calcium and magnesium 
oxides yield these results. 

Some additives — kaolin, dolomite, 
magnesia — are injected directly into 
combustion chambers. 
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COMBATING CORROSION 


CONTINUED 


STUD BOLT from turbine casing failed due to stress- 


torrosion cracking. Cracks reduced effective bolt area 


PUMP SHAFT fost about A-inn. diameter due to uni- 
form corrosion. Then fatigue cracks promoted fracture 


PLUG from l-in. plug valve shows affects of impinge- 
ment corrosion attack along edge of the plug’s opening 


BOLT from turbine’s dummy cylinder was tightened 
much, causing high stress that teamed with ¢ 


Machinery, structures... 


Not too many years have passed since accepted practice was 
simply to beef up machine and structural parts enough so 
that even with severe corrosion there was little possibility 
of failure. We recognize such practice today as an approach 
that sidesteps the real problem. Present thinking is to cor- 
rosion-engineer machinery and structures as an integral part 
of good mechanical design. 

Most common corrodent of above-ground structures is 
the atmosphere. Its effects vary with the seasons, geograph- 
ical areas, extent of air pollution. But entrained moisture in 
the atmosphere overrides all other factors. Sulfur dioxide, 
hydrogen sulfide and other contaminants corrode metal 
much faster in moist air than in dry. 

Chemicals used in industrial processes attack machine 
and structural members. But metallurgists have come up 
with metals that are formulated to handle even highly cor- 
rosive chemicals, pp 82-83. And many effective barriers are 
tailored to withstand chemical attack, pp 86-89. 

Stress. Experts differ on whether static and dynamic 
stresses cause corrosion. Some findings show no cause-effect 
relation. Others show that stress accel#rates corrosion. Some 
even report an inhibiting effect. But, clearly, where both 
stress and corrosion are present, action is a snowballing one 
that can lead to cracking, ultimate failure of vital ma- 
chinery and equipment. 

Operating temperatures have special importance where 
you're dealing with corrosion of moving parts. Even small 
jump in temperature can initiate corrosicn in an otherwise 
smooth-running bearing. 

Having pinpointed the possible bad actors we turn our 
attention to ways of thwarting them. The familiar standbys 
—metals, inert barriers—are once again our first line of de- 
fense. On a tonnage basis, the low-carbon structural steels— 
not especially conspicuous for their corrosion resistance— 
are most important. Thus they’re almost always teamed 
with protective coatings, mastics or linings. 

In protecting outdoor steel structures with paints, periodic 
maintenance, inspection and renewal of coatings can stretch 


water line anode suspension 


units 


anodes 


riser anode 


rigid conduit 


rectifier unit 


CATHODIC PROTECTION of elevated water storage tank guards 
tank’s inside walls. System anodes are shown oversize 


...corrosion-engineer them in the blueprint stage 


LZS s depend on severity of the atmosphere. 

Cathodic protection for the insides of such structures as 
levated water-storage tanks, water-treatment tanks, chemi- 
:ai-process vessels, can be economically attractive. But 
-“cu'll need to check required current density, probable 
¿node life, number of anodes. Size of the installation and 
:2lution’s tendency to corrode the tank are controlling fac- 
. Unless you’re thoroughly familiar with cathodic-pro- 
on system design, it’ll pay to call in a company special- 
z:ng in such installations. Sketch, bottom of facing page, 
snows how an electrolytic cathodic protection system is 
~2oked up to protect the inside of a large elevated water- 
storage tank. Rectifier supplies dc power. 

Bearings—because they’re load carrying elements and 
:tntacting surfaces—are potential weak spots in the anti- 
:irrosion armor of any machine. Bearing metals, operating 
:cnditions and lubricants rate a long, hard look before you 
specify them for your service systems. 
« Stability of lube oil plays a key role in bearing corro- 
zon. Here’s why: If oil doesn’t break down, its film-forming 
bility makes it an excellent corrosion preventive. But if it 
-sadily oxidizes (becomes unstable), oxidation products 
vay attack bearing metal. Solvent-extracted paraffinic oils 
~ave much stronger corrosion tendencies than the napthenic 
vepes. But virtually all of today’s lubes give good anti-cor- 
:zsion performance by blending them with additives. 

Stabilizing additives—phosphorous, sulfur, phenolic and 
:romatic-amine base types—in small concentrations keep oil 
‘rom breaking down under most bearing service conditions 
¿zu're likely to encounter. 

Bearing metals vary considerably in their corrosion re- 

stance, Older tin-base babbitt bearings are less affected by 
..de-oil oxidation products than cadmium-base and copper- 
.żad bearings. But copper, cadmium types have greater 
-.gh-temperature strength. Also, economics often favor the 
:ipper base. Lead-indium and lead-tin coatings applied to 
:ipper-lead bearings boost their corrosion resistance. 


For coal-handling structures: 


Zal has three characteristics that make it uncommonly 
:.fted in corroding and eroding its handling equipment: 
rst, sulfur reacting with ever-present moisture forms 
: weak solution of sulfuric acid. Second, coal is abrasive. 
.; it flows over a rough, corroded surface, wear is inten- 

sed. Third, moisture-laden coal fines have a tendency 
>: pack, especially under lot-storage conditions. 

One relatively low-cost answer to the problem—stain- 
=ss-clad steel—has come in for a good bit of attention re- 
-ently. Here’s one case history: At a large eastern utility, 
-zrbon-steel chutes had a life expectancy of roughly four 
-ars. Corrosion on inside surfaces was responsible for 
—any coal-flow stoppages. The company investigated 
17d installed a stainless-clad hopper and chute. After 92 

zars there was no loss of cladding. Only effect of the 
zai was to polish the clad surface to a shiny finish. 


Equipment design. Earlier we said that corrosion-en- 
gineering is a part of good mechanical design. Here, in 
brief, are some of the more common ways to lick machinery 
and structure corrosion in the blueprint stage: 

(1) Avoid sharp corners where possible. They act as 
stress raisers and are likely spots for stress-corrosion crack- 
ing. Sharp corners also cause thin spots in protective coat- 
ings and linings. 

(2) Joining hardware — rivets, bolts, screws — are vulner- 
able to crevice corrosion. They tend to form concentration 
cells by starving metal areas of oxygen, page 78. Where you 
must use them, consider advantages of hardware made from 
the same metal as parts being joined. You’ll steer clear of 
possible galvanic couples. 

(3) Where statically stressed members operate in cor- 
rosive atmospheres be sure corrosion can’t reduce load- 
carrying areas to unsafe levels. 

(4) Give special attention to vibration conditions where 
heavily loaded parts such as bearings are press-fit. If such 
parts slip (due to vibration), fatigue cracks may start. Re- 
sult: Fretting corrosion, see page 79. 3 

(5) If you can’t avoid teaming two metals that may 
form a galvanic couple, design the anode so that it’s large 
compared to the cathode. 

(6) Study the effects of cyclic stresses. Part may be within 
safe stress limits at first. But corrosion may team up with 
fatigue effect of stress reversals, bring on eventual failure. 

Maintenance cleaning of parts can thwart pitting attack. 
When corrosion products form over new pits they speed 
the attack. But if you remove corroded material before pit 
gets too deep, corrosion is likely to shift to another area. By 
keeping corrosion uniform over an entire metal area its 
pitting effect can be materially reduced. 


This is corrosion fatigue! 


Pinion. gear, subject to. cyclic loading; initially operated 

at safe. stress. levels: But small corrosion pits soon de- 
: veloped as a result.of moisture entrained in the lubricant: 

Pits acted as stress raisers: When local stresses exceeded 
-failure stress of the metal (a chrome-nickel-moly’ steet), 

cracking started: At first, crack grew under the impettis of 

moisture in the lube oil. Later, fatigue took over. 

» Possible cures: Check lube for moisture, other con- 
-taminants. Consider altering metal composition. — 


COMBATTING CORROSION 
CONTINUED 


Underground corrosion... soils and stray currents 


You'd be hard pressed to find any of today’s industrial 
plants without one or more of their key services—electric 
power, fuel oil, steam, condensate returns, water supply, air, 
water piping—flowing underground. The cable, piping, tanks 
and other structures that make up these services can be at- 
tacked by many of the familiar corrosion culprits we've 
talked about thus far. And—making underground corrosion 
even more complex than corrosion above ground—several 
new ones enter the picture. Here, in brief, are key items: 


Where your underground systems 


By far the most important—from the plant and corrosion 
engineer’s viewpoint—is condition of the soil. It can be 
corrosive or it can be relatively noncorrosive, depending on 
a variety of chemical and physical characteristics. 

Symptoms of noncorrosive soil are: high pH, low mois- 
ture content, sandy structure, little organic matter, light 
color, high oxygen content, low temperature. In contrast, 
corrosive soils are generally acid, contain substantial 
amounts of moisture, clay and organic material, appear 


are vulnerable 


1: LEAD CABLE SLEEVE corroded due to free lime in under- 
ground concrete. The corrosion product is a lead oxide 
2: GALVANIC ACTION at the brass phase tag of this lead-sheathed 


cable caused corrosion. Insulation tape solved the problem 


3: BURIED CAST-IRON water main corroded due to action 
between cast iron, cinder fill. PD can go has high as 1 volt 


4: BURIED LEAD water pipe suffered stray-current corro- 
sion from stray railway currents. Drainage solves problem 


What you can do about it 


In talking about soils, top of page, we 
said that high resistivity is one mark 
of a noncorrosive soil. Yet, when it 
comes to cathodic protection of under- 
ground power services we generally try 
to look for a low-resistivity (1000 
ohms per cc or less) soil in which to 
bury our anode systems (ground beds). 
Here’s the reason: Successful cathodic 
protection depends on encouraging cur- 
rent flow from anode to cathode. And 
soil is the major factor in circuit re- 
sistance. In electrolytic cathodic pro- 
tection systems, low soil resistance 
means low power input. In galvanic 
systems, low soil resistance means 
more protective current from a given 
set of anodes. 

Choosing a site for ground beds 
often boils down to comparing differ- 
ences in power cost or quantity of pro- 
tective current with differences in in- 
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stallation cost. Thus, you may find a 
low-resistance soil. But its location 
(accessibility, distance from plant, 
etc.) could nullify potential-power and 
protective-current savings. 

A careful economic study will also 
help you decide between electrolytic 
(rectifier-type) and galvanic protec- 
tion. We've seen, page 81, that rectifier 
protection fits where you need large 
blocks of current at few locations. Also, 
ac power must be easy to get. Galvanic 
types do best where current require- 
ments are low, soil resistivity is low 
and ac power is hard to come by. But 
remember: These are only general rules 
of thumb. You’ll have to weigh each 
situation on its own merits. 

The field survey is an important 
initial step, before committing yourself 
to a specific cathodic protection system. 
Most important: You’ll need data on 


soil conditions—moisture, pH, resis- 
tivity, density, etc. Buried structure- 
to-soil potentials are an excellent indi- 
cation of the protection you need and 
of the effectiveness of your protection 
system after it’s installed. Good anti- 
corrosion practice for buried coated 
pipe calls for keeping the pipe close to 
0.85 volts negative to the ground (when 
using a copper-copper sulfate ground- 
reference electrode). 

If you have abandoned structures 
close to equipment you want to protect, 
they can make an economical ground 
bed. Many power companies cut pro- 
tection costs for buried power cables by 
using scrap rail or pipe buried in the 
earth, next to the cable duct bank. They 
apply a positive potential (via a recti- 
fier hookup) to scrap-material anodes 
and impress a current flow through the 
earth to the power cables. 


are added headaches 


dark, hold little oxygen and are relatively warm to the touch. 

No one of these earmarks, by itself, establishes the soil 
as corrosive or noncorrosive. It’s the combined effect that 
counts. And—as you might expect after looking over these 
symptoms--a soil can become more or less corrosive with 
seasonal weather changes. 

You can get a good indication of what a soil will do to 
buried metal by measuring soil’s electrical resistivity. 


The soil survey is important—but 


searchers have yet to devise a single overall index of 
soil corrosivity. Often, the same soil will have traits 
that put it in both corrosive and noncorrosive classes. 
_ Tests run by the National Bureau of Standards, at- 
tempting to correlate soil corrosivity with other soil prop- 
erties, showed that noncorrosive soils have high re- 
_sistivities (several thousand ohms per cc}. But they also 
found that noncorrosive soils could have high or low 


_getation and high or low acidity. Thus, while soil studies — 
are important, it’s even more important to weigh all data _ 


you get from them. And be sure to double check the © 
validity of such studies by corrosion tests at regular in- 
> ro aa play is in talled. 


the present state of the corrosion-combatting art, re- __ 


High-resistivity soils cut down corrosion currents. 


What can corrosion do to your under- 
ground services? Where is your under- 
ground system most vulnerable? You 
get a not-very-pretty answer to the 
first question by a glance at the photos, 
left. Here are some likely answers to 
the second: 

Electric cable sheath. Poor soils 
aren’t the only reason why underground 
cable sheath corrodes. Nearby metal 
structures can be cathodic to lead cable 
sheaths, cause stray corrosion cur- 
rents to flow. Fortunately, lead sheath 
is close (in the galvanic series) to steel 
and iron pipes. But, if conditions are 
right, you can set up a strong galvanic 
couple. In the past, street railways were 
a principal source of stray current 


Electrolysis drainage (electrolysis 
refers to action of current on the 
anode) is a practical, low-cost way to 
tame stray-current corrosion. These 
currents can come from electric railway 
systems having rails poorly insulated 
from the earth, electric welding units, 
cathodic protection systems, electro- 
plating plants, etc. The buried metallic 
structure that corrodes acts as a low- 
resistance path and tends to collect 
these stray currents. The drainage sys- 
tem simply makes an electrical connec- 
tion between the buried metal (cable 
sheath for instance). and the negative 
feeder of the source of stray current. 

Protective coating and jacketing, 
pp 86-87, are often the first line of de- 
‘ense for underground piping, cables. 
These inert barriers are lower cost and 
zenerally easier to justify economically 
zn smaller buried structures. 


largely because of their relatively low 
rail-to-earth resistance. 

Copper-clad ground rods and cop- 
per grounding cables have been the 
cause of many a lead-covered-cable 
failure at generating and substations. 
With lead sheaths solidly intercon- 
nected to bare copper, lead will corrode, 
fail—especially if soil and cable duct 
resistance are low. One practical solu- 
tion: Jacketed cable. 

Your plant's grounding system it- 
self can be knocked out by corrosion if 
you don’t provide it with adequate pro- 
tection. Steel grounding rods and con- 
necting grounding buses may be anodic 
to nearby buried structures. Or, differ- 
ences in soil pressure, stretches of wet 


RESIST CORROSIVE SOILS by coating and 
wrapping underground pipe-systems with 
hot-applied coatings and asbestos feit 


soil followed by dry soil, scratches, 
breaks and abrasion of grounding com- 
ponents may combine to set up local 
corrosion cells between different areas 
within your groundifig system. 

Buried piping is subject to-:much the 
same corrosion conditions as sheathed 
cable. When we bury pipe, we set up 
many local anode and cathode areas on 
it. Here’s why: (1) Different sections of 
the pipe may be contacting soils of dif- 
ferent chemical, physical traits. (2) 
Newly buried pipe is generally anodic 
to old pipe connected to it. (3) Soil 
aeration may be different at various 
points in contact with the pipe. 

Galvanic cells due to nearby struc- 
tures also cause buried pipe to corrode. 


O O 


rectifier 


RECTIFIER-TYPE protection for 
underground pipes, cables, fits if you 


cathodic 


need large currents at a few points 
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CORROSION TESTING 


CORROSION TESTS... they supply vital data for your 


important corrosion-control decisions 


Behind every successful corrosion-control program you'll 
find a solid foundation of reliable information. The info- 
gathering operation begins in the early program planning 
stages and never actually ends. Even after corrosion-control 
efforts have become relatively routine, keeping close tabs on 
their effectiveness pays off. 

Broadly speaking, corrosion testing divides into (1) lab 
tests and (2) in-plant and field tests. Here we concern our- 
selves mainly with the latter because plant and power- 
service men find greater occasion for actually running such 
tests. But it’s important to recognize that lab testing facili- 
ties are available to even small companies. Corrosion-re- 
sistant materials producers and corrosion consultants, are 
staffed with specialists that run lab tests on corrosion 
samples which are sent in after being exposed to plant and 


field conditions. Also, the results of lab tests run by such 
organizations as The National Bureau of Standards and by 
members of The National Association of Corrosion Engi- 
neers are available in handbooks, engineering society tech- 
nical papers, etc. Such data are an important source of 
practical information for engineers concerned with corrosion 
control and related problems. 

Plant and field tests generally break down into direct 
observation, mechanical, chemical and electrochemical, and 
electrical. Chances are, you won’t be running all of them in 
your plant. Soil corrosion, for instance, is mainly checked 
by electrical, chemical tests. Water corrosion data stems 
largely from chemical tests. Atmospheric corrosion—espe- 
cially where protective coatings are used—is often a matter 
of visual inspection or photographic methods. 


Direct observation is simple, fast, but has several drawbacks 


The chief advantage of direct-observation tests are their 
simplicity. But. unless you supplement them with more 
exact techniques, they have some serious drawbacks. You 
can't use them until after equipment that’s likely to corrode 
is actually installed. And used alone, they can be too little 
and too late. Accidental diréct observation is too often the 
only form of corrosion control in operation. Yet, once you 
recognize the limitations of these visual tests they can be- 
come a valuable asset to your corrosion-control program. 

If you’re responsible for visual tests, be sure plant men 
can write brief but accurate descriptions of corrosion condi- 
tions they see. It’s important, for instance that “severe cor- 
rosion” means the same thing to everyone responsible for 


visual checks. Class-room writing sessions with operating 
men are a big help in boosting test efficiency. 

Photography is a first-class tool for showing the progress 
of corrosion—or lack of it. Often, color photos help you 
spot different types of corrosion product at a glance. 

Another visual technique that’s sometimes helpful but 
not always easy to run: plaster casts of corroded parts. 

Continual direct observation is of key importance wher- 
ever you’ve applied inert barriers. By alerting plant oper- 
ators (who aren’t necessarily responsible for corrosion prob- 
lems) to watch for breaks in coatings, mastics, linings on 
equipment they operate, you'll get better results from inert 
barrier protection—and at no extra cost. 


Mechanical tests keep close tabs on corrosion rate 


Mechanical tests, as we view them here, include (1) dimen- 
sional measurements. For example, measuring depth of cor- 
rosion pits. (2) Gain-in-weight tests. They’re useful where 
it’s easy to weigh the metal plus its corrosion product. (3) 
Loss-in-weight tests—where corrosion products break loose 
and are easy to remove. 

The micrometer pit gage yields valuable info on the 
extent of pitting corrosion. By measuring extent of pitting 
at regular time intervals you can plot a time-depth curve 
that can be an excellent guide for estimating corrosion rates, 
expected life of equipment. Important: Don’t forget to keep 
an accurate record of the location of each pit you're “‘track- 
ing.” And be sure to take into account the distribution of 
pitting in interpreting your results. 

Electrical instruments that read directly in micro-inches 
of corrosion consist essentially of a metal test element ex- 
posed to corrosive conditions. The element is part of an 
electric circuit on which change-in-resistance measurements 
are made as the test element corrodes and reduces in cross- 
section. (Note: Since the instrument reads directly in me- 
chanical units, we classify it as a mechanical test.) 

Earlier, pp 86-87, we said that film thickness is crucial 
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in getting good results from protective coatings. Thus, we 
need reliable ways of measuring films. Simplest method is 
micrometer measurement. By gaging several*sections of the 
equipment before and after coatings are applied you can be 
reasonably sure of staying within protective-coating manu- 
facturer’s recommendations. 

More complex thickness-measuring devices include needle 
penetration (an electrical circuit picks up contact with the 
base metal), change-in-magnetic-force and change-in-in- 
ductance measurements. 

Change-in-weight tests—either gain or loss—are rela- 
tively simple, easy to run. But they’re subject to a variety 
of errors: Moisture content of the corrosion product may 
vary. You may not remove all corrosion product. And test 
doesn’t tell whether the attack is concentrated or evenly 
distributed over the metal’s surface. 

Weight tests are generally run on standard metal samples 
exposed to the corrosive atmosphere. ASTM recommenda- 
tions are available for test specimens as well as specimen 
holders. Samples are weighed on an analytical balance. 

Physical properties tests—tensile strength, etc.—before 
and after corrosion are also highly useful. 


Chemical and electrochemical tests for the in-plant lab 


Chemical testing—especially the complete chemical analysis 
of corrosion products, soils, waters—is often a lab affair. 
But resulting data are highly useful. 

For steam- and water-system corrosion there are several 
simple in-plant lab tests that keep tabs on corrosion. 

Common alkalinity test is based on a titration with 
sulfuric acid. (Note: Standard acid solutions are often used 
to measure the concentration of alkaline solutions. The acid 
is added, drop by drop, to the alkaline solution until the 
neutral or end point is reached as shown by the color change 
of an indicator such as phenolphthalein or methyl orange. 
We call this process titration.) 

pH is a measure of the effective rather than the total 
alkalinity of a solution. Index of pH is a number between 
0 and 14. At pH of 7, solution is neutral. pH above 7 is 
increasingly alkaline. pH below 7 is increasingly acid. 

The colorometric test for pH depends on the color re- 
actions of different chemical indicators. Each indicator in a 
test set covers a different pH range. 


The electrometric pH meter measures voltage across 
two electrodes in contact with the solution. Voltage of one 
electrode is fixed. Second electrode’s voltage varies with 
solution pH. The pH meter is usually faster than color tests. 

Free mineral acidity is due to strong acids—sulfuric, 
nitric and hydrochloric—in water. 

You can test for free mineral acidity by titrating sample 
water with a standard sodium carbonate solution in the 
presence of methyl orange indicator. 

Test for free carbon dioxide is by titration of the sample 
water with a standard sodium carbonate solution in the 
presence of phenolphthalein. 

Test for dissolved oxygen by the Winkler method also 
involves titration. Oxygen in water reacts with manganous 
hydroxide to form manganese hydroxide. Following a re- 
action with sulfuric acid, solution releases free iodine in 
proportion to the amount of oxygen absorbed. Free iodine 
is then titrated in the presence of a starch indicator. The 
disappearance of blue color signals the end point. 


Electrical tests for voltage, current, resistivity 


For potential measurements be sure the internal re- 
sistance of the instrument you use is very high compared 
to resistance of leads, electrodes, and resistance to earth of 
reference electrodes. 

Briefly, common potential measurements and instruments 
that fit are: (1) Rectifier potentials. Where you’re installing 
impressed-current cathodic protection,any voltmeter with 
required range will work. (2) Structure-to-structure po- 
tentials. Often, buried structures are big and have low re- 
sistance. Thus, either a low- or high-resistance millivolt- 
meter or potentiometer does the job. The potentiometer, 
right, features a calibrated dial with a standard cell for 
calibration. (3) Structure-to-earth potentials. Either gal- 
vanic potentials or potenticls due to stray currents can be 
handled with a high-resistance voltmeter. (4) Open-circuit 
structure-to-anode potential. Either low- or high-resistance 
voltmeters are usually CK. But if the structure is well- 
coated pipe or cable with a high resistance to earth, the 
high-resistance (50,000 to 500,000 ohms per volt) meter is 
your best bet. (5) Voltage-drop measurements on a struc- 
ture tell the amount and direction of current flow. Thus, 
they can show up galvanic corrosion. Generally, low-range 
millivoltmeters get the nod. 

Current measuring instruments — milliammeters and 
ammeters—self-contained or with external shunts, measure 
the wide range of currents you'll encounter in field testing. 
If the external circuit resistance is very low, meter’s internal 
resistance may cause substantial error. One practical an- 
swer: the zero-resistance-type ammeter. 

Common measurements are: rectifier current, electrolysis 
drainage current, galvanic current between structures. 

Resistivity instruments can tell you, in advance, how 
much trouble to expect from underground soil corrosion. 
They measure the resistivity of the undisturbed soil. Or, 
they can measure a soil sample in the lab. 

The 4-terminal method uses two potential and two cur- 
rent terminals, drawing at left. Same instrument measures 
anode and circuit resistance. 

Two-terminal instruments, or two terminals combined in 
a single rod measure soil resistivity to shallower depths. 
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can be used for a variety of field potential measurements 


RESISTIVITY METER has two current, two potential ter- 


minals, It -measures soil, circuit and anode resistances 
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CORROSION-CONTROL PROGRAMS 


PLANNING FOR CORROSION CONTROL. .. start 


You're plant engineer for the XYZ manufacturing com- 
pany. Your major responsibilities are the power and plant 
services. Capital tied up in equipment for these services 
represent a substantial part of the total plant investment. 
So—facing facts—you try to protect the investment by or- 
ganizing a corrosion-control program. 

To complicate the picture you’re saddled with respon- 


sibility for controlling corrosion of production equipment. 
Where do you start? What likely administrative prob- 
lems must you handle? How do you make sure you're 
getting the most for your money? Who can you turn to 
for assistance? These—and many more—are questions that 
doubtless will come up. 
Before digging for answers that will help to put you on 
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Figure your annual bill for corrosion 


Finding out your annual bill for corrosion 
isn’t easy, especially if you’re just setting 
up a new plant. But corrosion info on simi- 
lar plants may be available through the 
professional societies, consultants, techni- 
cal publications, etc. In any case it’ll pay 
to check your figures against those of a 
similar plant. 

First step: Review maintenance records 
for all equipment. Find out where down 
time was due to corrosion. And be sure to 
include the cost of lost production. 


Next, study past plant equipment -budg- 
ets. Where equipment has been replaced 
before its expected life span, find out from 
maintenance, salvage recqrds whether cor- 
rosion played a significant role. 

Where corrosion is clearly the cause of 
shortened equipment life, get present-day 
costs of the equipment and figure out how 
much premature scrapping of equipment is 
costing your plant. 

The safety hazard that corrosion repre- 
sents is an intangible cost. 


Sell management on protection economics 


Armed with the facts and figures your next 
step is to sell management on corrosion 
control. You should be able to tell them ex- 
pected savings for every dollar they invest. 

Alert management men need to know 
how much over-all life of equipment will 
be extended if they OK your proposals. By 
citing the cost of future replacement, re- 


conditioning, lost production, wasted man- 
hours, chances are you'll come up with im- 
pressive potential savings. 

Make sure your report is brief, complete. 
Avoid going into lengthy discussions of 
fine points, but be prepared to back up 
your broad economic conclusions with de- 
tailed engineering info. 


Talk it over with plant operators 


Once you’ve sold top management on pro- 
tection economics, chat with plant operat- 
ing men about your plans. The more they 
know about what you’re trying to accom- 
plish, the more likely are your program’s 
chances for success. What’s more they may 
be able to give you much valuable in- 
formation, help you avoid pitfalls. And 
don’t forget: In many cases you’ll be talk- 
ing to the men who will actually carry out 
your program in the plant. 


Running informal classroom sessions 
with plant men on the value of good cor- 
rosion control pays big dividends. Some 
companies even make use of demonstra- 
tions showing the corrosion cell in action, 
measure its corrosion current and poten- 
tial, page 76. It’s a vivid way of making 
plant operators corrosion conscious. 

Pointing up the safety hazards of cor- 
roding equipment hits home with every- 
one—management and operating men alike. 


by lining up the facts, selling management and operating men 


the right track, first decide whether your plant’s corrosion 
problem requires the services of a full-time corrosion engi- 
neer and staff. Or, should you—with the help of outside 
consultants and advice from equipment suppliers—carry the 
ball yourself? 

Size of plant, nature of its operations, extent of power 
services are items you and your top management will need 


to weigh. But regardless of which approach gets the nod, be 
sure you’ve taken a close look at all the factors. And re- 
member: The small as well as the big plant can profit by 
enlisting the help of an outside consultant in making a 
survey of overall anticorrosion needs. 

In the sections below we talk about essentials of a six- 
point approach to practical corrosion control. 


Take a close look at maintenance practices 


One of the important initial steps in getting 
your corrosion-control program on the road 
is a top-to-bottom review of plant and 
equipment maintenance practices. 

You know that different metals in con- 
tact can—if conditions are right—lead to 
galvanic corrosion. But do your mainte- 
nance procedures recognize this fact? Do 
they, for example, call for insulation of cast 
iron mains from copper services—especially 
on buried systems? 

Are your protective coating maintenance 


programs sound? Do you check to see that 
coating thickness follows manufacturer's 
specs? Are you carefyily coating steel 
mains but neglecting cast iron or brass 
valves connected to these mains? If so, 
you're not getting full mileage from your 
coating maintenance program. 

By carefully mulling over your main- 
tenance standards you may find many cor- 
rosion loopholes such as those we've just 
cited. Plugging them is often a simple 
matter. And it pays off handsomely. 


Consider the advantages of consultants 


Corrosion engineering, by its nature, is a 
compilation of specialized and complex 
areas — metallurgy, electricity, chemistry. 
It’s not likely that the plant engineer or 
even a single corrosion engineer is thor- 
oughly versed in all of its facets. Thus, a 
group of consultants can be well worth 
their fee. Here’s how you can use them: 


(1) In the formative stages of direction, 
training and guidance of a full time cor- 
rosion engineering staff. (2) Where extent 
of the need doesn’t warrant a full-time cor- 
rosion specialist. (3) Where specialized 
highly-technical problems come up that 
can’t be tackled by the in-plant staff. (4) 
To make overall corrosion surveys. 


Decide on men, records and equipment 


Your anti-corrosion program can be no 
better than the men who run it, the records 
they keep, the equipment they use. 

In choosing a corrosion engineer, remem- 
ber: He'll be making decisions that will 
be responsible for spending thousands of 
dollars. So judgement errors on his part 
are likely to be costly. Thus, his technical 
background, personality should be on a par 
with top-level engineers in your plant. 

Corrosion records—or lack of them—can 


make or break any corrosion-control pro- 
gram. They’re needed to make intelligent 
estimates. They pin down causes of corro- 
sion trouble. And they eliminate committing 
important info to memory. 

Your anti-corrosion arsenal needs good 
equipment—instruments, inert barrier ma- 
terials, chemicals, etc. Once your corrosion 
men get to know all available types they'll 
be in a position to choose equipment that 
meets the special needs of your plant. 
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Is your company needlessly paying part of indus- 
try’s multi-billion dollar annual bill for corrosion? 


Here’s a check list to help you find out. 


Do you assign a man (whether his title is Plant Engineer, Power-Service Engi- 
neer, Corrosion Engineer, Metallurgist or Maintenance Engineer) to be specifi- 
cally responsible for corrosion control in your plant? 


Do you know that in many plants maintenance workers (often busy curing cor- 
rosion headaches) now outnumber production workers and that this trend is 
increasing rapidly? 


Are you aware that new materials and techniques can prevent types of corro- 
sion which were previously regarded as inevitable? 


Is your bydget for corrosion control in line with today’s costs for construction 
materials, labor and equipment? 


Do you know that it’s possible to save several times your Corrosion Engineer's 
salary by making full use of his services and recommendations? 


Does your design department consult the Corrosion Engineer when it plans new 
construction projects? 


Does your purchasing department make full use of the Corrosion Engineer's 
technical know-how when it buys new materials, equipment? 


Are you aware that forward-looking companies—by the application of modern 
methods of corrosion control—have actually been able to reduce the selling 
price of their products, thereby gaining a competitive advantage? 


Do you take full advantage of the services offered by corrosion-engineering 
consultants and manufacturers (metals and inert barrier producers, cathodic 
protection specialists, etc.)? 


Have you—recently—reviewed the efforts of your company to improve corro- 
sion maintenance practices and to reduce avoidable waste? 
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AIR FLOW... Fans add energy to 


TTUT AN 


Stroight Forward Backword 


CENTRIFUGAL FANS whirl air between the 
blades, have oge of several blade shapes 


a 


PROPELLER FAN, A, can move large vol- 
umes; B, typical disk and airfoil shapes 


air or gas 


, Log Static pressure 


Static Velocity Totol 
pressure pressure pressure 


FAN PRESSURES can be measured with man- 
ometers connected to or inserted in duct 


HOW FANS WORK 


Moving air or gas from one point to 
another is an important engineering 
problem. Common machine for this 
purpose is the fan. Moving air 
means overcoming friction or resis- 
tance to flow. This resistance is 
always present whether air moves 
through a duct, diffuser, fuel bed or 
cooling tower. Since overcoming re- 
sistance is work, we can look on a 
fan as a machine that supplies air 
with energy needed to move it. What 
happens is that mechanical energy 
fed to a fan’s spinning shaft is 
transferred to the air or gas being 
handled to raise its pressure and 
velocity enough to overcome resis- 
tance present and cause flow. 
AIR FLOW, PRESSURE, VELOCITY. 
Before tackling details of fan oper- 
ation, let’s study how air flows 
Since pressures we’re dealing with 
are normally small, easiest way to 
study air flow is with water-filled 
manometers, as shown above. 
Depending on how we insert 
manometer in duct, we can read, not 
one but three different pressures: 
static, velocity and total pressure. 
Static pressure is that exerted 
on the walls of the duct, just like 
steam pressure on the interior of a 
boiler drum. We read this by con- 
necting our manometer tube at right 
angles to the duct. Static pressure 
is what overcomes the resistance 
of ducts, fuel beds, filters, etc. 
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Velocity pressure is over and 
above static pressure. It’s caused 
by the impact of the flowing gas 
and is felt only by surfaces the gas 
actually flows against. Imagine a 
duct under pressure but with a dam- 
per on one end, closed so no air 
flows. In this duct we hang ahinged 
vane, as shown above. Since static 
pressure will be the same on both 
sides, the vane hangs vertically. 
But when we open the damper so 
air flows, vane tips back from im- 
pact of air moving against its face. 
This added pressure is velocity 
pressure. 

By connecting a manometer 
parallel to air flow as at C, above, 
we find pressure reading is greater 
than the static pressure. What we 
are measuring is total pressure, the 
sum of static and velocity pressure. 
VELOCITY TOPRESSURE. Now a fan 
is primarily a machine for acceler- 
ating or speeding up air flow. Yet 
very often the static pressure 
needed to overcome friction is more 
important than a high velocity. So 
in many cases it’s necessary to 
convert some of the velocity energy 
to pressure energy. This means 
slowing down the velocity gradually 
to increase the static pressure 
(with a resulting decrease in the 
velocity pressure). This is usually 
done either in the fan or its dis- 
charge duct by a diverging section 


or diffuser. Guide vanes are also 
used. 
FAN TYPES. There are in general 
two types of fans: (1) centrifugal 
or radial flow, and (2) axial flow. 
Centrifugal fans, above left, 
consist of a wheel mounted on a 
shaft with the whole assembly ro- 
tating in a scroll-shaped housing. 
Axial-flow fans have two or more 
blades mounted on a shaft. Basic 
type is the propeller fan whose 
blades spin free or are mounted in 
a plain ring. Tubeaxial fans have a 
Surrounding cylinder. Vaneaxial 
fans have guide vanes as well. 
MAKING AIR MOVE. With centrifu- 
gal fans, air enters at the center 
or ‘feye’’ of the wheel, then makes 
a right-angle turn and passes be- 
tween the blades of the revolving 
wheel, What the fan does is whirl a 
“chunk”? of air between each pair 
of blades. This centrifugal action, 
Similar to whirling a bucket of water 
on the end of a string, does three 
things: (1) “throws” the air out at 
a high velocity, (2) increases the 
air’s static pressure and (3) sucks 
in more air at the wheel center. As 
the air leaves the blade tips, part 
of its velocity is converted to ad- 
ditional static pressure by the di- 
vergence of the scroll-shaped hous- 
ing from the circular wheel. An out- 
let diffuser gives even more vel- 
ocity-to-pressure conversion. 


FAN TYPES... There’s a right fan for every job 


Designedto move air or gas over wide volume 
range. Usual static pressures go up to 25 in. 
water, special fans to 90 in. Wheel has straight, 
CENTRIFUGAL  forward-curve, backward-curve, radial-tip or 
other type blades. Housing is sheet or cast 
metal with or without protective coat of rub- 
ber, lead, enamel, etc. Belt or direct drive 


These are designed to move air from one en- 
closed space to another or from outdoors to 
indoors or vice versa in a wide range of vol- 
umes at low pressure (0 to 1 in. water, 
static), Automatic shutter on discharge is 
not part of fan. It protects fan from wind, 
rain, snow, cold during shutdown. Belt or 
direct drive 


PROPELLER 


Axial-flow wheel in cylinder moves wide 
range of air or gas volumes at medium pres- 
sures (% to 24% in. water, static). Belt or 
direct drive. Fan may be mounted in air or 
gas duct. Blades may be disk or airfoil type 


TUBEAXIAL 


Thisfan has a set of air guide vanes mounted 
in cylinder before or behind airfoil-type wheel. 
It moves air over wide range of volumes and 
VANEAXIAL pressures. Usual pressure range is % to 6 
in.; special designs can go up to 60 in. or 
higher, Wheel often made of sheet metal but 
cast metal is also used. Belt or direct drive 


SOME DEFINITIONS USED IN FAN WORK* 


STANDARD AIR DENSITY is 0.075 Ib per cu ft at sea level (29.92 in. barometric pressure), 


Axial-flow fans don’t use cen- 
trifugal force to increase pressure. 
They depend on the screw action 


of disk-like blades or airfoils to 
speed airin a straight-through flow. 
Air is sucked in by leading edge 
of spinning blade to discharge 
with a helical motion from trailing 
edge. Guide vanes in vaneaxial 
fanes straighten helical pattern so 
air has little or no spin. Disk blades 
are often flat and set at an angle 
with shaft. Airfoils have special 
shapes (like a stubby propeller), 
give high efficiency. 

BLOWERS, COMPRESSORS. No defi- 
nite line exists between fans and 
their high-pressure counterparts — 
blowers and compressors. In gener- 
al units for high-pressure work 
are compressors; those for low- 
pressure use are fans. Blowers 


usually run in the middle pressures. 


dry air, and 70 F 


STANDARD FLUE-GAS DENSITY is 0.078 Ib per cu ft at sea level (29.92 in. barometric 
pressure) and 70 F 


VOLUME handled by a fan is the number of cubic feet of air per minute (cfm) expressed 
at fan outlet conditions 


TOTAL PRESSURE of a fan is the rise of pressure from fan inlet to fan outlet 


VELOCITY PRESSURE of a fan is the pressure corresponding to the average velocity 
determined from the volume of air flow at fan outlet area 


STATIC PRESSURE of a fan is total pressure minus the fan velocity pressure 


POWER OUTPUT of a fan is expressed in horsepower and is based on fan volume and 
fan total pressure 


POWER INPUT is measured horsepower delivered to fan shaft 
MECHANICAL EFFICIENCY of a fan is ratio of power output to power input 


STATIC EFFICIENCY of a fan is the mechanical efficiency multiplied by the ratio of 
static pressure to the total pressure 


FAN OUTLET AREA is the inside area of the fan outlet (flange) 
FAN INLET AREA is the inside area of the inlet collar 


*From the National Association of Fan Manufacturers, Inc, {NAFM). 
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CONSTRUCTION 


CENTRIFUGAL FANS 


€ STRAIGHT-BLADE WHEEL 


Spider built up from hub carries 
about 4 to 12 steel-plate blades. Or 
a central plate may support the 
blades. Blade liners on this unit 
permit it to handle abrasive gas 


FORWARD-CURVE WHEEL > 


Backplate or central steel disk 
holds one end of blades; shroud 
ring with/without tie rods, other. 
Or else centralarms as on straight- 
blade wheel. 24 to 66 blades 


_ © BACKWARD-CURVE WHEEL 


High-speed units, sturdily built. 
Central or backplate. Shroud ring 
with or without tie rods supports 
about 16 blades 


CONVEYING WHEELS > 


Welded wheel A and built-up wheel 
B handle wool, other stringy mater- 
ials. C vents pulverized-fuel sys- 
tems; D handles most any material 


<4- RADIAL-TIP WHEEL 


For solid-fuel, i-d use. Wheel has 
removable ribbed-liner blade faces. 
Center supports cut away for smooth 
flow. Double inlet cuts abrasion 


PILLOW-BLOCK BEARING > 


For draft fans all parts of bear- 
ing are split: oil rings, thrust col- 
lars and seals. Water cooling often 
used. Fans for other jobs may have 
ball or roller bearings 


4+- “HEAT FLINGER” 


Protects bearing from heat traveling 
along shaft. It’s a small fan firmly 
attached to shaft; dissipates heat 
from air or gas in fan 


DOUBLE WHEEL > 


Double-inlet fan with two wheels 
for f-d service. Wheels are welded, 
heavy-duty. Backward-curve blades. 
Unit has good efficiency 


PROPELLER FANS 


4- FOUR-BLADED 


Direct-connected totally enclosed : 
ball-bearing motor drives fan in ver- l pe 
tical, horizontal position. Orifice ` l 
mounting ring smoothes flow 


HIGH-SPEED UNITS- 


Where moderate noise is allowed, 
small-size fans driven by high- 
speed motors move large air quanti- 
ties. Self cooled 


- © BELT-DRIVEN 


For fume exhaust service. Pulley, 
belt, enclosed in vapor-proof hous- 
ing. Sheet-brass blades, cast-brass 
hub, enclosed motor 


MAN COOLER > 


Portable fan cools men, products, 
has many other industrial uses. 
Steel cylinder and mesh protect 
blades, make fan safe 


4- TWO-BLADED 


Belt-driven two-bladed propeller 
fan discharges air vertically up. 
Motor may be mounted above or 
below fan, as needed 


TRANSFORMER-COOLING > 


To prevent high internal tempera- 
tures and increase capacity, fans 
scour transformer surface with cool 
air. Weatherproof, adjustable 


€ COOLING-TOWER FANS 


For towers and other services, fans 
with large diameter may be used. 
These have adjustable pitch, are 
lightweight, corrosion-resistant 


ADJUSTABLE BLADE > 


This adjustable-pitch blade, one of 
many designs used, permits selec- 
tion of most economical setting for NS 
the air-moving job being performed 


CONSTRUCTION Continued 
TUBE- AND VANEAXIAL FANS 


m e DIRECT-CONNECTED 


Hot, corrosive, flammable or ex- 
plosive gas is exhausted by this 
fan with split housing. Motor in sep- 
arate chamber open to atmosphere 


BELT-DRIVEN > 


Where hot or corrosive air or gas is 
handled, motor may be outside 
duct with fan driven by belt. Fan 
cylinder connects directly to duct 


| FOR MINE VENTILATION 


Where pressures up to 2 in. water 
are needed, this unit serves as an 
auxiliary, or for ventilating remote 
sections of all type mines 


ELBOW-TYPE DUCT FAN> 


Supplies or exhausts air. Motor is 
out of air stream. Unit has self- 
os unloading feature: as resistance 
i . increases, motor load falls 
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- J © AIR SUPPLY, EXHAUST nk Sa 


This vaneaxial fan handles moder- 
ate-temperature non-corrosive ait. 
Vanes give discharged air straight- 
line axial flow at higher pressure 
than with propeller fan 


BELL INLET; DIFFUSER + 


To reduce inlet losses, a bell, left, 
is used with some fans. Diffusers, 
right, convert discharge velocity to 
pressure, can save hp 


€ VENTILATION SERVICE 


Direct-driven vaneaxial fan. Perma- 
nently sealed motor bearings; formed | 
lightweight frame. Can be finished 
for corrosive work 


ELBOW AXIAL FLOW > | 


Provides 90-deg change in direc- 
tion of air flow; has bearings in 
cone out of air stream. For paint 
spray booths, heat-treating ovens, 
fume exhaust and similar jobs 


dilly HOR E 


— — ARRANGEMENTS 


No. 1 SW Si: Overhung wheel, 
2 bearings, belt/direct drive 


No. 4 SW Si: Direct, no fan 
bearings, the wheel overhangs 


DRIVE DESIGNATION 


No. 9 SW SI: Prime mover on 
side of base. For belt drive 


No. 3 DW DI: Belt or direct. 
Housing supports the bearings 


NAFM has set up standard arrange- 
ments for fan drive, some of which 
are shown above. When ordering or 
referring to a fan, you can easily 
identify by number its drive ar- 
rangement, width and number of in- 


No. 8 SW Si: Arr No. 1 with 
base for driver. Belt or direct 


No. 3 SW SI: Belt or direct. 
Housing supports the bearings 


No. 2 SW Si: Belt or direct. 
bearing bracketed to housing 


No. 7 DW DI: Arr No. 3 with 
base for driver, Belt or direct 


lets. Thus Arr No. 1 SW SI means a 
belt- or direct-driven unit with 
overhung wheel, two bearings on 
base, single width (SW), single in- 
let (SI) DW and DI mean double 
width and doyble inlet, respectively 


Clockwise 
Bottom horizontal 


Clockwise 
Top horizontal 


Counter-clockwise 
Top horizontal 


ROTATION AND DISCHARGE 


Direction of rotation is found from 
drive side for either single- or 
double-inlet, or single- or double- 
width fans. Drive side of single-in- 
let fans is side opposite the inlet 
regardless of actual location of 


Counter-clockwise 
Bottom horizonta! 


Counter-clockwise 
Up blast 


Clockwise 
Up blast 


Clockwise 
Bottom angular up 


Clockwise 
Top angular down 


drive. For a fan inverted for ceil- 
ing suspension, direction of rota- 
tion and discharge is determined 


Counter-clockwise 
Down blast 


Counter-clockw sé 
Top angular dew 


Clockwise 
Down blast 


©. 


Clockwise 
Top angular as 


Counter-clockwise 
Top angular up 


Counter-clockwise 
Bottom angular up 


when fan is resting on floor. Desig- 
nations above apply to all centrifu- 
gal fans 


No. 1 No. 3 


Top intake 


No. 2 
Horizontal right 


INLET-BOX 
DESIGNATION 


MOTOR POSITION 


Angular right 


No. 3* 
Angular right 


No. 4 
Bottom 
Reference is horizontal line through 
center of fan shaft. Air-inlet entry 
is found from drive side of fan. With 
drives both ends of fan shaft, drive 


For fans with belt or chain drive, motor position is 
given as shown at right. Face drive side of the fan 
and designate motor position by letters W, X, Y, or Z, 
as the case may be. Use the data given on this page 
when ordering fans and in keeping plant records 


No. 5 
Horizontal left 


No. 6 
Angular left 


Angglce 5 
side is that with higher hp. For N=. 
3 and 6 boxes, give angle berses- 
centerlines as shown, 

* May interfere with floor framing 
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FAN CHARACTERISTICS 


| To aid in fan selection, characteristic 
curves plot fan pressure, horsepower, 
130 efficiency and noise level against air 
120 delivery rates ranging from no delivery 
10 
30 
90 
80 
z 70 
È 60 
a 
È so STRAIGHT- BLADE 
40 
30 Discharge pressure rises from free delivery (100%) 
2 to a maximum near no delivery (0%), where it falls 
9 off. Hp input increases with fan output. Maximum 
lO static efficiency occurs near maximum pressure 
o 


"E PRES S EEES 
L 


FORWARD- CURVE-BLADE 


Fan pressure rises from free to no delivery with a 
drop, a, at low capacities, Maximum efficiency oc- 
curs at about maximum pressure, Horsepower input 
rises rapidly from no to free delivery. Sound is 
least at maximum efficiency and increases with 
higher velocity at free delivery 
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= Sg > BACKWARD-CURVE- BLADE 
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paet F | Fan pressure rises from free almost to point of no 
: 3 o D Ao ; delivery. Horsepower is self-limiting, rising to a 
Done u E i maximum as capacity increases, then decreasing 
aye g Lo ; told with additional capacity rise. Fan is more efficient 


Sh ee at maximum hp; sound is least near this point, al- 


ey Soc | though it changes little with capacity 
pa a P a 


Charts to Help You Understand Fan Performance 


(damper closed) to free delivery (damp- 
er wide open). These curves are all on a 
percent basis and are typical for the type 
of fan or blade that is being considered 


RADIAL-TIP-BLADE 


Pressure and horsepower characteristics of this fan 
are Similar to straight-blade units. But curved heel 
of blade can give better efficiency, permits using 
shorter blades operating at higher speeds. Shock 
losses at wheel entrance are lower than with 
straight-blade design 


Percent 


T 
$ 60 efficiency 
BACKWARD- FLAT- BLADE 50 = 
40 
These are a modification of backward-curve blades. 30 
Pressure characteristic doesn’t have as steep a 20 


slope, horsepower curve hasn’t as distinct a hump, 
maximum efficiency obtainable over wider range 


— +. 


Sound leve/—re 


AXIAL- FLOW 


Depending on design, hp curve may be flat and 
self-limiting, as at right, or may fall from a maxi- 
mum at no delivery as capacity increases. Type of 
guide vanes in vaneaxial fans measurably affects 
hp curve, Maximum efficiency occurs at higher per- 
cent delivery than with centrifugal fans 


Percent 


In many fan installations you must regu- 
late output so air or gas delivered meets 
system needs. Summarized here are five 
ways fo do this with advantages of each 


Fan controls include dampers, inlet vanes and louvers, variable- 
pitch sheaves and drives of various types — fluid, magnetic, tur- 
bine, dc, slip-ring, and two- and three-speed ac motors. Controls 
are grouped in three classes: (1) constant fan and driver speed 
with a device to alter fan or system characteristic, (2) variable- 
speed driver directly connected to fan to give variable fan speeds, 
(3) fluid or magnetic drive, or other device, that gives variable fan 
speed with fixed driver speed. 
DAMPERS. These throttle air or gas flowing to or from fan. Re 
sistance produced by damper causes fan to operate at a higher 
pressure than needed by system, so capacity falls off. Look at any 
of the fan characteristic curves, p 94, and you’ll see how a pressure 
increase is accompanied by fall in capacity for most of the range. 
Curve A, at right, shows general change of power input with air 
flow in a constant-speed fan fitted with a throttling damper. Air 
output is proportional to damper movement after initial partial clos- 
ing of damper. ' 
Dampers are best on fans with steep horsepower characteristics 

Of controls used they have lowest first cost but require largest 
power input to fan. Simple to operate, they have wide-range regula 
tion, may be either manually or automatically operated and are use- 
ful with less expensive standard constant-speed motors. 
INLET VANES. Adjustable blades or vanes fitted to fan inlet can 
be set to give air a spinning motion in direction of fan rotation, 
This spin has same effect as a change of fan speed; new pressure 
and power characteristics are obtained. Excess pressure used with 
damper control is avoided, This reduces power needed to drive fan; 
operating cost is lower, curve B. First cost of inlet vanes is 
moderate, they have wide-range regulation, may be manually or 
automatically controlled. 
INLET LOUVERS. These are often used with induced-draft fans. 
They give spinning motion similar to inlet vanes. Pressure and 
horsepower are affected in about the same way. Operating mechan- 
ism is outside duct, safe from high-temperature gas. 
VARIABLE-SPEED DRIVERS. Not as common as other methods 
these drivers may be motors or turbines. Dc motors are easily re- 
gulated down to about 35% of maximum speed. With slip-ring motors 
a speed reduction of about 50% can be made cheaply. Beyond this, 
additional controllers are needed, increasing cost and complication 
of the installation. Speed reductions are made in steps as in curve 
Z. intermediate regulation is done by dampers unless suitable con- 
troliers are fitted. Multispeed ac motors give speed and capacity 
zes of two to three to one but some form of damper or vane 
must supplement them so regulating range is sufficient. 

Sieax turbines give good regulation of fan capacity down to 
zrat 15> of rated turbine speed. They are popular for heat balance 
| plants. This type driver is often considered where ex- 
~ is available for turbine or where turbine exhaust can 


3 


be intee: ec in the plant heat balance. 
' =.°1TCH SHEAVES. These give speed and power changes 
z -= ii: many fans. Change may be made either manually or 
2i1:72272... while fan is rotating or at rest. 
= #4aSN=TIC DRIVES. These have similar power character- 
seus Stepiess adjustable control with wide capacity 
zweer input is obtained. First cost comparable to 
zi motors and turbines, 

Zas, All these controls may be used with axial-flow 
:-. tlazes may be adjusted in some designs. 


FAN CONTROLS 


CURVES SHOW 


DAMPERS throttle air or gas flowing to 
or from the fan, are low-cost and simple 


BELOW ARE 


OUTLET DAMPER for very even throttling. 
Blades open, close in opposite directions 


i 


INLET LOUVERS on i-d fan. They are more 
efficient than dampers, give gas a ‘‘spin” 


HOW POWER INPUT VARIES WITH CONTROL TYPE 


dj 


tag 


INLET VANES and louvers give spin to air VARIABLE-SPEED drive, using a slip-ring FLUID DRIVES and magnetic drives have 
entering fan, don't waste static pressure motor, gives a stepped speed reduction like power curves, require least input 


SOME CONTROLS USED IN PRACTICAL FAN WORK 


SPLITTER PLATES between damper blades ELECTRICALLY OPERATED damper gives INLET VANES installed in the fan inlet 
give accurate control over entire range good volume control on constant-speed fan box are shown in their 34 open position 


Tone ate Fe aA 


ADJUSTABLE BLADE on vaneaxial fan gives DISCHARGE DAMPER on fan for ventilating PORTABLE UNIT hes cous-sme memper or 
wide pressure range, changes volume or air conditioning gives good control openings to conte œr vzume wanuius 


FAN LAWS 


Summarized here are the fan 
laws important in figuring 
performance of all types of 
fans. Text at right shows 
how to apply these laws to 
problems met in practice 


Symbols: Q = air or gas volume, cfm; 
p = static, velocity or total pressure, in. 


H:O; hp = horsepower input 


1. CHANGE IN FAN SPEED 

Air. (or gas-) density, system constant 
(a) Q varies as fan speed 

(b) p varies as fan speed squared 

(c) hp varies as fan speed cubed 


2. CHANGE IN FAN SIZE t! 

Tip speed, air-density, fan proportions con- 
stant; fixed rating 

(a) Q varies as square of wheel diameter 
(b) p remains constant 

(c) rpm varies inversely as wheel diameter 
{d) hp varies as square of wheel diameter 


3. CHANGE IN FAN SIZE 

rpm, air-density, fan proportions constant; 
fixed rating 

(a) Q varies as cube of wheel diameter 
(b) p varies as square of wheel diameter 
(c) Tip speed varies as wheel diameter 
(d) hp varies as fifth power of diameter 


4. CHANGE IN AIR DENSITY 

cfm, system, fan speed constant; fixed fan 
size 

(a) Q is constant 

(b) p varies as density 

ic) hp varies as density 


5. CHANGE IN AIR DENSITY 

Corstant pressure and system; fixed fan 

s ze, variable fan speed 

z) Q varies inversely as square root of 
censity 

= o's constant 
rom varies inversely as square root of 
cersity 

z cs yories inversely as square root of 


secs ty 


$ CHANGE IN AIR DENSITY 


istasctt =e gt cf air and constant system; 
ezz sze eo-cble fan speed 

2 Desc es -versely as air or gas density 

torte: tvecse'y os air or gas density 


-+e-seiy as air or gas den- 


e» zs c'r or gas density 


Static Pressure, in. H20 


Horsepower 


: = OR 
System characteristic 4 
(duct resistance) 


7 
tatic pressure 
(5/Orpm) 


10,000 


Capacity, cfm 
SYSTEM CHARACTERISTIC is useful in predicting what will happen when a certain 
fan is connected to a known system. Effect of damper and speed reduction shown 


Fan laws tell what happens to fan 
characteristic, p 94, when (1) speed 
is varied while external system re- 
mains the same, (2) when fan size 
is changed in geometric proportion 
while point of rating is fixed, (3) 
when air or gas density changes. 
The laws apply to all fans. (Size 
laws apply only to geometrically 
similar fans.) They’re a useful tool. 
USING LAWS, Easiest way to see 
how laws are applied is to solve 
some problems you're likely to meet. 
EXAMPLE: Fan delivers 10,000 cfm 
at static pressure of 2 in. water 
when speed is 500 rpm, power input 
6 hp. What’s speed, static pressure, 
hp when fan delivers 14,000 cfm? 

Solution: Laws in group 1 apply. 
So rpm = 500(14,000 + 10,000) = 
700, SP = 2(700 + 500)" = = 3.92 in., 
hp = 6(700 + 500% = 16.5. 
EXAMPLE: Fan delivers 8000 cfm 
at 70 F and normal barometric pres- 
sure (density 0.075 1b per cu ft) at 
a static pressure of 2 in. water 
when speed is 600 rpm, power in- 
put 5 hp. If air inlet temperature is 
raised to 300 F (density 0.0523 Ib 
per cu ft) but fan speed stays the 
same, what is new SP, hp? 

Solution: Use group 4 laws. 
Pressure = 2(0.0523 + 0.075)=1.4 
in., hp = 5(0.0523 + 0.075) = 3.5. 
EXAMPLE: What speed must the 
above fan turn at to give a static 
pressure of 2 in. at 300 F? What 
will cfm and power be? 

Solution: Use group 5 laws, Rpm= 


600,/0.075 + 0.0523 = 718, cfm = 


SYSTEM CHARACTERISTIC. Many 
fans are connected to an external 
system (duct, air washer, furnace, 
etc) which imposes resistance on 
air or gas flow. Pressure needed to 
force air through system depends on 
cfm flowing. Like a fan every 
system has a certain relation be- 
tween pressure and cfm; it can be 
plotted like fan characteristics and 
is called the system characteristic. 

With a system of fixed resistance 
pressure needed varies as the 
square of the cfm and system char 
acteristic has parabolic shape 
shown, independent of fan type. 

Suppose we have a duct system 
that handles 11,000 cfm and needs 
3/4 in. static pressure to maintain 
this flow. If we plot system and fan 
characteristics as above we find 
that but one condition of static pres- 
sure and capacity satisfies both fan 
and system. This is point A, inter- 
section of the two pressure curves, 
It corresponds to 0.96 in. static 
pressure, 12,400 cfm, 3.08 hp, 575 
rpm. To obtain exact flow needed 
(11,000 cfm, 3/4 in. SP) fan must 
be dampered or speed changed. 

At 11,000 cfm and 575 rpm, fan 
pressure is 1.16 in., point C. Soif 
we use a damper it must have a re 
sistance equivalent to 0.41 in. at 
11,000 cfm. Input, curve, is 2.95 hp. 

If we reduce fan speed instead 
of dampering, 510 rpm satisfies 
condition, A moves back to B. 


CENTRIFUGAL-FAN MULTIRATING TABLE VANEAXIAL-FAN RATING TABLE 


Wheel diameter = 60 in. Outlet area = 20.64 sq ft Ail these fans turn at 1750 rpm 


Outlet Win sP Min. SP lin SP l%in SP 2in SP 3 in, SP Fan P . 
velocity, Capacity, 1 | E A L E | aig, Sin SP LOin SP 15i SPO 20in SP 25in SP 32i 
fpm cfm pm hp spm hp rpm hp rpm hp rpm hp rpm hp in, cfm hp cfm hp cfm hp cfm hp cfm h ce r 
1100 22,704 236 2.68 268 3.73 296 4.84 347 7.29 18 3260 .7 2900 .75 2500 .8 
1200 24,768 246 3.05 276 4.16 303 5.37 352 7.89 22 5800 1.85 5400 19 4950 19 4250 20 3250 20 186 Ls 
1300 26,832 256 3.48 285 4.66 312 5.91 359 8.56 25 8200 225 7750 2.65 7250 2.9 6750 3.05 6000 3.1 4500 2 
1400 28,996 266 3.96 294 5.21 320 6.51 366 9.30 407 12.2 483 18.8 25 10450 3.9 10000 4.1 9500 4.3 8950 4.5 8200 4.6 7000 4s 
1500 30,960 277 4.50 304 5.79 329 7.19 374 10.1 414 13.2 488 19.9 29 13650 4.5 12800 4.65 11800 4.8 10750 4.95 9500 5.0 7700 4.: 
1600 33,024 288 5.10 314 6.45 338 7.91 382 10.9 421 14.2 493 21.2 29 15000 5.2 14300 5.7 13500 61 12700 65 11800 68 10900 :.: 
1700 35,088 300 5.79 325 7.14 348 8.66 391 11.9 429 15.2 497 22.5 29 17500 7.5 16800 7.7 16000 7.85 15100 8.0 14200 8.3 13150 44 
1800 37,152 312 6.53 336 7.95 358 9.51 400 12.8 437 16.3 505 23.6 32 17000 7.5 16400- 8.0 15800 8.6 15200 9.0 14550 9.5 13900 10.7 
1900 39,216 325 7.04 347 8.80 368 104 409 13.9 445 17.4 511 25.1 32 22200 12.2 21600 12.5 21000 13.0 20400 13.4 19500 13.8 18700. 14.: 
2000 41,280 338 8.30 358 9.75 379 11.4 418 15.0 454 18.7 519 26.6 34 29200 17.6 28450 184 27600 19.0 26800 19.6 25800 20.2 24800 20.2 
2200 45,408 364 10.37 382 11.9 401 13.7 438 17.4 472 21.5 535 29.9 36 31300 17.0 30500 17.8 29600 18.6 28600 19.4 27500 20.0 26700 20.6 
2400 49,536 391 12.80 407 14.5 425 16.2 459 20.2 493 24.4 553 33.4 36 40500 24.0 39200 24.5 38000 25.0 36400 25.0 34600 25.5 32800 26.0 


FAN FIGURING for typical air-moving jobs 


Multirating tables like that above 
left are often used in selecting a 
fan. Giving fan test results in con- 
venient form,they are found in many 
catalogs. Here’s how to use them. 
EXAMPLE: Centrifugal fan for ven- 
tilation must deliver 33,000 cfm at 
1 in. static pressure, 1600 fpm out- 
let velocity, What is rpm, hp? 
Solution: From table, fan that 
most closely meets these conditions 
has capacity of 33,024 cfm. Since 
this is so close it may be used. 
Under 1 in. static pressure find rpm 
= 338, hp = 7.91 
EXAMPLE: Centrifugal fan with a 
capacity of 40,000 cfm at 2% in. 
static press. is needed. Find rpm,hp. 
Solution: Nearest capacities in 
table are 39,216 and 41,280 cfm. For 
given conditions we must interpo- 
late. At 2 in. pressure fan speed 


fans. Tables for propeller fans are 
similar to this one but usually 
include a column for capacities at 
free delivery (no resistance). 
EXAMPLE: Vaneaxial fan must de- 
liver 15,000 cfm at 2 in. static 
pressure. What’s hp, rpm? 

Solution: Table shows that fan 
which delivers 15,100 cfm at 2 in. 
requires 8 hp, turns at 1750 rpm 
and has a 29-in. diameter. 

As with centrifugal fans, you 
can make usual selections from 
manufacturer’s rating tables. But 


for special jobs, such as fans in 
series, consult manufacturer. 
FANS IN SERIES, PARALLEL. 
Flow of air through fans in series 
resembles flow of current in electric 
batteries. When low-pressure fans 
are in series weight of flow is about 
that of one fan, total pressure the 
sum of the total pressures of the 
fans that are connected in series. 

Electric-circuit analogy holds 
for fans in parallel too. Capacity is 
sum of individual capacities for a 
given static or total pressure. 


RECOMMENDED FAN OUTLET VELOCITIES, TIP SPEEDS 


(For air conditioning, ventilation, heating — from ASHVE Guide, 1950) 


BACKWARD-TIPPED AND DOUBLE- 


TUBEAXIAL ANC 


(rpm) is 445 +(40,000-37.216) 454. patatie. FORWARD-CURVE BLADE FANS CURVE BLADE FANS VANEAXIAL FANS 
445) = 448. i Inches of Outlet Veloci Tip Speed Outlet Velocity Tip Speed Wheel Velocity* 
And the horsepower input is 17.4 + Water Feet per Minute Feet per Minute Feet per Minute Feet per Minute Feet per Minute 
40,000-39.216) (18.7-17.4) = 17.9 1/4 1000-1100 1520-1700 800-1100 2600-3100 1100-1500 
41,280-39,216] °° °* 5 3/8 1000-1100 1760-1900 800-1150 3000-3500 1250-179 
Simila imerpolasion for same Oe ee ee ee 
ve Fi i z i : 
Sit cpm and 25.7 hp. Needed tating 3A 1300-1500 2480-2700 1100-1850 4200-5000 1680-225 
a SUS ja e Welkwee between. and 7/8 1400-1700 660-29 1200-1750 4500-5300 1800-250 
2h y: i 1 1500-1800 2820-3120 1200-1900 4800-5750 1900-27 
3 in. or 40,000 cfm is deliveredat 1-1/4 1600-1900 3162-3450 1300-2100 5300-6350 215300 
2% in. pressure at a speed of 481 1-1/2 1800-2100 3480-3810 1400-2300 5750-6950 735-32 
rpm and will require 21.8 hp. 1-3/4 1900-2200 3760-4205 1500-2500 6200-7550 250-EX 
Multirating tables are suitable i ERN EERI eee r Fae E a 
for most selection problems. Always 21/2 2300-2600 4475-4970 1800-2950 7450-300C 
AVE MANUTACIMESE E "3 2500-2800 4900-5365 2000-3200 8200-3852 


VANEAXIAL FANS. Rating table, 
above right, is typical for vaneaxial 


“Wheel velocity is axial mean air velocity through inside.diameter of housi-g cv "Oe a com 7 em 


location. 


FORCED-DRAFT turbine-driven blower sup- 
plies air needed for combustion of fuel 


DUPLEX ASSEMBLY has i-d and f-d wheels 
on the same shaft, driven by fluid drive 


INDUCED-DRAFT FAN, DW, Di, has inlet 
box each side of wheel, radtal-tip blades 


necro et 


FAN STACK base showing rotor, one half 
of split inlet cone, bearing, coupling 


FORCED AND INDUCED DRAFT 


Calculations for mechanical-draft 
fans resemble those on previous 
pages, Note that flue-gas density 
is different from that of air. 
SPECIFICATIONS. Include these 
data for fan selection: (1) cfm or cfh 
of air or gas (2) temperature and 
density of air or gas (3) static pres- 
sure at fan inlet (4) static pressure 
needed at outlet (5) driver type 
(6) hours operated per year. Check 
with manufacturer for other data he 
may need in selection. 

WHAT TYPE? Backward-curve cen- 
trifugalfanis often chosen for stan- 
dard f-d use. It meets four important 
requirements: reserve pressure 
(steep head characteristic), good 
efficiency, high speed and ability 
to operate in parallel. Some f-d fans 
have backward double-curve blades, 
others that handle preheated air 
have forward-curve blades. Indepen- 
dent pedestal bearings are common 


on mechanical-draft fans. 
Axial-flow fans are also popular 


for f-d. Propeller, tube- or vaneaxial 
units are used. Drive is turbine or 
motor, depending on conditions. 
INDUCED DRAFT. Forward, back, 
straight and radial-tip blades give 
good service on i-d. For high static 
pressures a forward-curve fan with 
inlet boxes is practical because its 
capacity is high for given size 
while tip speed is low. Straight- 
blade wheels have few blades, low 
speed and can be used in parallel. 
Radial-tip wheels have good ef- 
ficiency, moderate speed and small 
size for given capacity. 

Some special forms of i-d fans 
include stack-supporting units, cin- 
der-eliminating fans, duplex as- 
semblies with f-d and i-d wheels on 
same shaft, wheels fitted with blade 
liners to take wearing action of 
abrasive gas, and fan stacks — units 
that combine fan, breeching and an 
evacuating stack. Other i-d fans 
have water-cooled shafts. 

In one cinder-eliminating fan 


VANEAXIAL f-d fan with variable-pitch 
blades; low powered, easily controlled 


i 


PRIMARY-AIR FAN for pulverized-fuel 
system blows air and coal into furnace 


there are slots in scroll housing 
through which dust and dirt are re- 
moved, Hoppers can be fitted to fan 
inlet housings and dust collected 
returned to furnace. 

Fan stacks are of various de 
signs. In some, fan handles all gas, 
discharging it into a cone-shaped 
stack. In others a fan discharges 
clean air into stack fitted with a 
venturi section. Suction draws gas 
into stack from where it flows to 
atmosphere. Fan handles only clear. 
air. Where gas isn’t too abrasive 
fan may handle small amount of i: 
or a mixture of air and gas. Effic:- 
ency is higher when handling au 
gas or a gas-air mixture than wez 
handling air alone. Some fan stacxs 
have dust collectors. 
PRIMARY-AIR FANS, 77 
air for combustion ieee 
into furnaces of 
boilers. They = 
units with stræ z=: 
high air presscre sacra 


— — MAINTENANCE 


Sketches at right give hints on fan SOME INSTALLATION DO’S AND DON'TS 
installation, Study them before put- 
ting a new fan in or relocating an OUTLET CONNECTIONS 
old one. 
STARTING. Unless bearings have 
enough lubricant, are properly 
aligned and dust-free, you may have 
starting troubles. Where air or gas 
temperature is 250 F or over, water 
cooling of bearings is often used. 
See that water is flowing (5 to 10 
gal per hour per bearing is needed). 
Before starting, shut dampers, 
vanes, etc. After fan is rolling ad- 
just controls for needed pressure or 
draft. If fan vibrates muċh stop unit 
immediately to find cause. Watch 
for overheated bearings. 
STOPPING. Shut down driver ac- 
cording to instructions. If fan has 
vane control and/or dampers, close. 
Let water circulate through water- 
cooled bearings until they’re cool. 
LUBRICATION. Oil or grease regu- 
larly. Don’t add toq much. Flush 
dirty bearings with kerosene or 


5 me Y . - One or more' 
mineral oil; refill after cleaning. fon-wheel 


A highly-refined uncompounded diameters 
mineral oil of proved oxidation re- RIGHT 


sistance is often recommended. INLET CONNECTIONS 


Table gives typical viscosities. 


Air temp around SSU viscosity 7emor i 
bearing, F at 100 F P 
32-90 300-350 (SAE 20W) S 


90-150 500-600 (SAE 30W) — RIGHT — WRONG RIGHT 
Above 150 750-1100 (SAE 50-60W) i 


VIBRATION, Fans running unbal- 
anced get steadily worse, can have 
serious trouble like burning out 
bearings, weakening their supports, 
loosening piping, springing shaft or 
damaging wheel. Some causes of un- 


balance are wear, misalignment, == oa 
weak foundations, bent shaft, worn <—_ — ==~\ 
bearings and dirt on rotor blades. <— 

Measure amount of unbalance H 
with a vibration meter — mechanical WRONG RIGHT RIGHT 


or electrical. There aren’t any fixed 
rules on allowable vibration but 


table below gives average guide. ACKNOWLEDGEMENTS 
Fan Vibration R Power is indebted to the following manufacturers for supplying general infor- 
speed, 2 Very mation, technical data and illustrations used in preparing this special section: 
rpm Smooth Fair Rough Rough Aerovent Fan Co; American Blower Corp; Arex Co; Bayley Blower Co; Harvey P 
Bertram Co; Buffalo Forge Co; Burt Mfg Co; E K Campbell Heating Co; Chelsea 
600 2 4 8 15-20 Fan & Blower Co, Inc; Clarage Fan Co; Coppus Engrg Corp; DeBothezat Fans 
900 1.5 2.75 6 8-10 Div — American Machine & Metals, Inc; DeVilbiss Co; Dieh! Mfg Co; Fly Ash 
1200 1.0 2 4.5 6-8 Arrestor Corp; Foster Wheeler Corp; Fluor Corp, Ltd; General Blower Co; 
$ y Green Fuel Economizer Co; Hartzell Propeller Fan Co; Herman Nelson Div — 
1800 0.75 1.5 3.5 5-7 American Air Filter Co, Inc; ILG Electric Ventilating Co; Jeffrey Mfg Co; Joy 
FAIR isn’t bad but should be im- Mfg Co; Koppers Co, Inc; Marley Co; The Moore Co, Inc; Niagara Blower Co; 
proved; balance ROUGH as soon as Prat-Danie! Corp; J F Pritchard & Co; Ripley Co, Inc; Robbins & Myers, Ine; 
possible; VERY ROUGH -= don’t Swartwout Co; South Bend Air Products, Inc; B F Sturtevant Div — Westinghouse 
t Electric Corp; The Thermix Corp; The Trane Co; Westinghouse Electric Corp; 

operate C H Wheeler Mfg Co; L J Wing Mfg Co. 


Lastly, clean fan regularly; 
paint where needed. 
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Shortage of raw piping data is not the problem today. Research reports, gov- 
=rnment test results, codes, manufacturers’ catalogs and user-oriented articles 
n books and magazines are but a few of the sources for engineers and design- 
ers seeking piping facts. The sheer vastness of information, however, makes it 
difficult for an engineer to find a concise guide to piping applied in steam, 
compressed gas, air conditioning, refrigeration and liquid-handling systems. 

This report provides such a guide without involving the reader in readily- 
accessible detail. To develop a basic piping guide in 24 pages, it is necessary 
-o omit coverage of valves, fittings, expansion joints and supports. The report 
concentrates on pipe alone—its materials, its methods of manufacture, its join- 
ng methods, its design into piping systems, and most important of all, today’s 
codes and specifications. This report is designed for engineers with overall re- 
sponsibility for piping systems. It is also a guide for designers who wish to have 


a broad view of piping systems and be able to relate 
their detailed knowledge of one or several narrow 
sectors to the entire field. 

Piping codes grow in importance as public and 
official attention swings toward increased plant safe- 
ty. Today, those wishing to understand energy-sys- 
tems piping must understand the role of codes, their 
philosophy and reasoning. 

Knowledge of metallurgy is fundamental to. pip- 
ing-systems design as more materials and alloys be- 
come available. To correctly explain the characteris- 
tics and performance of pipe metal in practice, a 
true understanding of modern metallurgy is needed. 

Although many engineers avoid detailed pipe-size 
calculation through use of prepared charts and ta- 
bles, it is the appreciation of underlying principles 
that is most important. 

Joining and nondestructive testing is the final 
phase, and it is with this that we close the report. 
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B31.5 B31.6 
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U.S.A. STANDARDS 
COMMITTEE 


B31 
Code for pressure piping 


B31.2 B31.3 
Fuel gas Petroleum 


piping refinery 
piping 


B31.7 
Nuclear 
power piping 
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de for pressure piping, B31, is ASME-sponsored. 
sections, B31.1 and B31.3, will be revised by 1970. 


ROLE OF CODES 


Piping codes now cover the major energy systems fields. 
Compulsory compliance and regulation loom ahead 


There is a new trend in the U.S. that 
indicates stricter inspection and regu- 
lation of systems and devices that are 
potentially dangerous, even though 
they may have good safety records. 
It looks as if this trend will affect 
energy-systems piping, as it has petro- 
leum- and gas-transmission piping. 
Ground rules exist and indicate 
what the energy-systems engineer can 
expect. First of all, the basic docu- 
ment in all regulation of this type is 
the code. A code states the require- 
ments that equipment or methods 
must meet to satisfy the code’s chief 
purpose, which is usually safety. 
Code compliance can be volun- 
tary, or if governments adopt the 
code as law, it becomes compulsory. 
Up to now, federal, state and city gov- 
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ernments have not drawn up general 
piping codes but instead depend on 
the important code-producing agen- 
cies. In energy-systems piping, the 
most important code is that shown 
above — United States of America 
Standard Institute’s U.S.A. Standard 
Code for Pressure Piping. 

USASI does not itself prepare 
codes; it relies on a capable sponsor 
(such as the ASME) which forms its 
technical and section committees 
from a wide range of experts. Pro- 
fessional societies and industry as- 
sociations play an important part in 
these committees, but equally impor- 
tant, a balance must be maintained 
among piping producers, piping users, 
and general interest groups. The gen- 
eral interest groups include persons 


Gas transmission 
and distribution 


Standards 


specifications 


B31.4 
Liquid petroleum 
transportation 


piping 


B31.8 B31.9 
Building 
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Mechanical Materials 
design and 
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from government agencies and insur- 
ance companies, as well as unaffiliated 
private individuals of recognized skill. 
Governments, by the way, have not 
been eager to win places on commit- 
tees; rather, they usually accept the 
finished code with little or no change. 

Code writers must weigh safety 
against economics and enforceability. 
Although some technological lag is 
unavoidable, code writers hold this 
to a minimum. An example of this lag 
is illustrated by creep tests for new 
materials; results of these tests some- 
times can take years. 

Once issued, a code continually 
needs revision, interpretation and cor- 
rection. The ASME, as sponsor, at- 
taches case numbers to requests for 
revision and interpretation; significant 
cases become part of the code, enter- 
ing it at major revisions. 

Complete design instructions are 
not part of piping codes. However, 
more recent code sections, B31.7, for 
example, certainly contain far more 
extensive information on design than 
did the sections written in the 1950’s. 
What all piping codes do give, how- 


ever, is a complete listing of equations 
and practices that experience proves 
necessary for safety. 

Existing standards for materials. 
manufacturing processes and testing 
are helpful to code writers and users. 
A standard, far narrower in scope than 
a code, is restricted to a specific prod- 
uct, such as a steel pipe for high- 
temperature service, or a specific op- 
eration, such as a long-term pressure 
test of a plastic pipe. Citation of stand- 
ards and specifications is a form of 
shorthand for code writers, letting 
them list materials and processes that 
will be safe when used at the stress 
levels or in the manner specified. Cit- 
ing standards does not in itself insure 
safety; safety becomes possible only 
after code writers have assigned the 
material or process a carefully limited 
field, such as allowable temperature 
or pressure range. 

Consensus is a key idea in code 
formulation. Code-writing commit- 
tees decide by consensus rather than 
by mere majority. Consensus means 
that the concerned interests are in 
substantial and usually unanimous 


agreement. Consensus and profes- 
sional integrity of the code writers 
are important safeguards and are two 
reasons why the piping codes are 
held in high regard. 

What about enforcement? For 
codes that have become law, such as 
she ASME Boiler and Pressure Vessel 
Coce, enforcement machinery exists. 
For energy-systems piping, code com- 
pliance is almost entirely voluntary. So 
far, only one state, Ohio, has adopted 
a general piping code. Right now, 
code enforcement and compliance is 
the most controversial subject in the 
field. The crux of the controversy is 
whether close regulation of energy- 
systems piping is possible and wheth- 
er voluntary compliance suffices. 

For close regulation, inspection must 
be made easy. Inspection is compara- 
tively easy in one field related to en- 
ergy-systems piping — boilers — and in 
nuclear and fossil-fuel power piping. 

In boiler work, several factors 
combine to facilitate inspection: a 
limited number of makers schedule, 
build and ship well-defined units as 
systems to specific sites where the 


boilers are erected and then remain 
unchanged for long periods. 

Nuclear-piping inspection should 
present no difficulties. Inspection of 
fossil-fuel central-station piping would 
be harder but still feasible. 

General industrial piping, how- 
ever, with its thousands of sites, its 
constant and urgent changes often 
made at night or on weekends and 
its varied industry requirements and 
conditions, would be very difficult 
and costly to regulate closely. 

The sufficiency of voluntary com- 
pliance is debatable. True, the safety 
record of industrial piping has been 
good, but this is not enough today. 

Possibly the only way to avoid com- 
pulsion is to support and use the pres- 
ent piping codes to the maximum 
extent economically justifiable. Buy- 
ing pipe to ASTM standard, following 
code-welding practice, calculating 
maximum line pressures by code 
methods, reinforcing branch outlets 
in code-approved fashion—all of these 
are ways by which even small plants 
can benefit, and perhaps even stave 
off an unworkable regulatory setup. 
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MATERIALS FOR PIPING 


A convenient breakdown of the most frequently used 
metallic piping materials for energy systems is as follows: 
low-carbon steels, low-alloy steels and stainless steels, 
These steels are popular because they perform well in 
todays pressure and temperature ranges. 

Other metals, having wide application but more spec- 
ialized properties are wrought iron, cast iron, ductile iron, 
copper, brass, aluminum and its alloys and nickel steel. 

Titanium, lead and high-nickel alloys are three examples 
of other metals used in energy-systems piping. These met- 
als are not extensively used, however, because of their cost 
or physical shortcomings. 

The more important plastic materials for piping are poly- 
vinyl chloride, polyethylene, polypropylene and ABS. As- 
bestos-cement is another vital material. Use of fiber-glass- 
reinforced epoxy is increasing; concrete, glass, rubber and 
some newer plastics are also finding use. 

A clear appreciation of the underlying facts of metal 
piping help greatly in understanding piping materials: 
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Elongation, % 


(1) Pipe wall must be round; out-of-roundness causes 
higher wall stress and makes joining systems harder to use. 
This required roundness plus the thinness of much pipe 
wall rule out many metal-strengthening heat treatments, 
such as quenching, which would distort pipe. In addition, 
welding, a common joining method, destroys the effect of 
most strengthening heat treatments. 

(2) Pipe size commonly used in energy systems gives 
accessibility only from the outside. This limits joining me- 
thods and inspection. 

(3) Pipe material must be severely worked to form a 
tubular shape; thus, ductility and plasticity during manu- 
facture are important. Bending and forming operations on 
finished pipe also necessitate ductility. 

(4) Finally, pipe wall is in similar stress state throughout. 

Vital characteristics of piping today are toughness and 
creep. Pipe material has toughness if it absorbs impact 
without splitting, even though it may deform permanently. 
Notch toughness is a particular form of toughness that 


Test results show dispersion 


Unfortunately, piping designers must use 
minimum rather than average values for 
properties such as tensile strength and 
elongation. Test results on a large num- 
ber of apparently identical specimens 
vary greatly, as shown at left, for a low- 
carbon steel. The difference between 
minimum and maximum values is often 
surprisingly high. The bell-shaped dis- 
tribution curves are common in these 
large-scale tests. 


=rv pipe material needs; a visible notch or crack or a less 
-carent “metallurgical notch” should not promote split- 
-z or brittle fracture under impact or reversed stress. 

Zan engineers use diagrams like those at the top of the 
--2,ious page to predict toughness of a material? The 
-:wer is no. Although a large tall area under a stress-strain 
->e means high strength, the stress rate is slow and the 
--act quite different from an impact effect. Other tests, 
-ıh as the Charpy test shown above, are necessary to 
_2ge the effect of impact. 

hile most of these tests measure the impact energy 
= suired to fracture a carefully designed specimen, some 
-37s consider appearance and type of fracture. 

^ cold weather, in refrigeration and especially in cryo- 

cerics, brittle failure is a major danger. Materials have 

2 transition temperatures for predicting performance. 

7-a first transition temperature is the point at which 
~ sact-test values, dropping either suddenly or gradually, 
below a chosen minimum indicated by experience 

-<en 15 ft-lb in the Charpy V-notch test). The second 
-znsition temperature is that at which the specimen-frac- 
-e surface has a given percentage of shear fracture area; 
-2 rest of the area will be brittle or cleavage fractured, as 
-2 figure at lower right shows for half-size Charpy V-notch 
zacimens from pipeline pipe. The two temperatures can 
= far apart, unlike the special case illustrated. 

Carbon steels for cold-weather service or impact resist- 
-cze are usually killed steel and may be normalized. For 
- der service, nickel steels (342% or 9%) are excellent; 
_stenitic stainless steels, copper, brass and aluminum 

ays are used at low cryogenic temperatures. 

Creep is the continuous plastic flow of a loaded mate- 
: . It occurs at elevated temperatures for most metals and 

- moderate temperatures for most plastics and continues 


K 
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as long as load is applied; fracture is the final result. The rate 
of creep is-not constant under steady stress (see diagram 
below). Oxidation, scaling and creep are major factors 
blocking advance to higher-temperature steam service. 

Tension tests conducted below creep temperatures do 
not predict a material’s creep behavior. All creep study, 
therefore, is carried out at creep temperatures with various 
constant loads acting on specimens for long periods. 

U.S.A. Pressure Piping Code, Section B31.1, allows stress 
to cause a creep of 0.01% in 1000 hours, and also limits 
stress on the basis of rupture after 100,000 hours. Long- 
duration tests are necessary since extrapolation is risky in 
creep study. 20,000-hour tests may be needed. 

In the important second stage of creep, shown below, 
the creep rate is not proportional to the stress. Often the 
relationship is exponential, but in any case a given percent- 
age increase in stress at a constant temperature causes a 
larger percentage increase in creep rate. 

Once a designer or code writer has set an allowable 
creep rate—one that will assure trouble-free service for the 
expected life of the piping—his aim then must be to find 
materials that will carry high stress at the given creep rate 
and will not undergo harmful chemical or metallurgical 
changes. It is necessary, of course, that the material can 
be made into pipe and then into a piping system. 

Chemical composition is the biggest factor determin- 
ing creep resistance of a material-some materials are nat- 
urally better than others. At present, the austenitic stainless 
steels are the best suited materials available for high- 
temperature piping up to about 1200 F. Other factors de- 
termining creep behavior of steels are environment, grain 
size and previous heat treatment. 

Fatigue, another cause of piping failure, is a result of 
load cycling which impresses varying or even reversed 
stress on the piping material. The stress, of course, is always 
mechanical; in piping, unlike the case in most machines 
and structures, the cause of the variation in stress may be 
thermal cycling as well as mechanical-load cycling. High- 
temperature steel piping may fail after comparatively few 
startup and shutdown cycles. Actually, high-temperature 
gradients through the metal, along with inherently high de- 
sign stress, cause failure. Mechanical fatigue, resulting from 
vibration or repeated restraint during frequent startups and 
shutdowns, is a constant danger to piping. , 
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Corrosion, an important factor to consider in most pip- 
ing systems, plays an especially vital role in chemical-in- 
dustry piping. 


The ferrous metals—steels and irons 


Low-carbon steel pipe leads in tonnage in energy systems, 
carrying steam, water, fuel oil, compressed air and other 
gases, condensate and effluents. Serious corrosion or ero- 
sion may occur as a result of the latter two fluids; better 
metal or nonmetallic material is necessary. Low-carbon 
steel pipe can be seamless, butt-welded, resistance-welded 
or filler-welded. Carbon content in low-carbon steel pipe is 
0.05% to about 0.25%. In this range the steel is easily 
welded even with the added effect of the steel’s manga- 
nese. A given percentage of manganese has about one- 
quarter the effect on welding that carbon has. The carbon 
content, although adding somewhat to strength, is not 
enough to harden the metal, even with the cold work or 
heat treatment sometimes applied. 

The phase diagram, or equilibrium diagram, is important 
in allov study. A phase diagram (like the one shown for 
carbon steel, upper right on the next page) shows each 
kind of crystalline grain, or phase, at various temperatures, 
along with carbon percentage. Austenite, ferrite, cement- 
ite and martensite are phases that occur in many steel 
alioxs. Martensite imparts strength and hardness. 

Alloying elements beside carbon are present in all 
steels. even low-carbon steel. The figure at upper left on 
the next pege shows the effect of small additions of ele- 
ments on pipe steel. Manganese, mentioned above, in- 
creases notch toughness and strength, although it lowers 
ductility and weldability. 

Phosphorus and sulfur are undesirable in pipe steel 
and all specifications limit their percentages. Phosphorus, 
a:though an effective strengthener, makes steel brittle and 
may slash notch toughness. Sulfur can raise or lower the 
transition temperature for the 15 ft-lb Charpy V-notch test 
value. depending on how it is distributed. The big disad- 
vantage of sulfur, however, is that it makes steel brittle in 
hot working; sulfide films are responsible. 

Silicon and aluminum in small percentages refine grain 
size during steel manufacture; other benefits resulting from 
Si or Al as minor ingredients are small. Because Al reduces 
high-temperature strength of pipe, silicon is preferred for 


Creep is threat to high-temperature piping 


This diagram shows the three stages of creep (continuous 
plastic flow). At first, the percentage of creep, which is equiva- 
lent to the proportional change in length of the specimen, in- 
creases rapidly. Part of the creep in the first stage is elastic 
elongation and disappears when the load is removed. Second- 
stage creep is slower per unit of time and lasts longer. 

At the end of the second stage, the creep per hour, called 
creep rate, begins to climb. This increase in creep rate may 
occur from a number of causes. The materia! may begin to 
neck down, raising the material’s true stress even though the 
load is constant. The ambient heat or atmosphere may cause 
weakening chemical changes in the material. Whatever the 
reason, rupture soon occurs. Piping designers select stresses 
that will keep material below deformation at rupture. Tests 
are time-consuming — they sometimes take three years, but are 
indispensable for design. 
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Alloy addition—0.01% of selected alloying elements, for ex- 
2nple~produces varied results. Carbon has less effect than 
=3me others. P, V, and at times S lift the transition temperature 


z-ain refining where necessary for critical steam piping. 

Chromium, nickel and molybdenum are the key alloy- 
-z elements used for pipe steel that must perform well at 
- 2h pressures, at high or low ‘temperatures, or under the 
-arrosive conditions found in energy-systems work. Chro- 
~ium and nickel increase strength, corrosion resistance 
¿>d notch toughness. Molybdenum improves strength, but 
:-aels with only 0.5% molybdenum added see little use in 
:-eam systems today. 

Chrome-molybdenum steels serve well in many h-p h-t 
steam applications. Alloy examples are as follows: 11/4 % 
2-=%2% Mo; 21⁄4% Cr-1% Mo; 5% Cr-¥2% Mo. The chro- 
~ um raises creep strength and resistance to oxidation, a 
zənefit to central-station steam piping at 1000-plus F. 

Graphitization, which is the slow breakdown of cemen- 
- te (Fe3C) to iron and graphite, can occur in carbon steels 
:: temperatures over 775 F, in C-Mo steels over 875 F, and 
- low-chrome Cr-Mo steels over 975 F. Improvement in 
:-zelmaking practice has sharply reduced this danger. The 
- zure below shows the microstructure for several cases of 
z-aphitization. The worst form can cause brittle failures 
“> at start along the weak lines of clustered graphite. 
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Carbon-steel phase diagram: basic for piping 


Phase diagram for carbon steel shows the various solid sub- 
stances existing at different temperatures for steels with 
varying carbon content. Ferrite is practically pure iron, cement- 
ite is Fe;C or iron carbide. Austenite is a high-temperature 
form of iron containing dissolved cementite. 

To follow melting of 0.5% carbon steel, proceed along the 
0.5% line. The room-temperature microstructure resembles 
the top of the three circular sketches presented. At about 
1330 F, austenite begins to form and dissolves the cementite. 
By 1450 F, austenite is almost the only phase present. At about 
2600 F, the austenite begins to melt; melting is complete around 
2720 F. Slow cooling from the austenite region results in fer- 
rite and cementite, once again. Fast cooling (quenching) to 
below 600 F changes austenite to martensite, a hard material 
supersaturated in carbon. Martensite makes carbon steel 
strong but brittle. 


Ductile iron 


Ductile-iron microstructure shows nodular graphite; metal 
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Nickel steels, particularly 3⁄2% Ni and 9% Ni steels, 
are used in low temperature and cryogenic service. 

In the last decade, steel companies have marketed low- 
alloy steels containing copper, nickel and other elements. 
These special steels are strong and have superior corrosion 
resistance under the moderate conditions found in energy 
systems. Effluent piping is one application. 


Austenitic stainless steels (18%Cr-8%Ni) are the 
highest class of commonly used pipe materials. The 8% 
nickel causes the steel to retain its austenitic structure 
when cooled to room temperature. The austenite makes 
such steels highly resistant to corrosion, gives them good 
h-t creep strength and provides adequate notch toughness 
down to —450 F. The familiar Type 304 is the basic repre- 
sentative. Type 316 contains molybdenum. Type 321 con- 
tains titanium and 347, columbium; these additions stabi- 
lize the steel, preventing precipitation of chromium carbide 
at grain boundaries. Precipitation during welding or high- 
temperature exposure makes these alloys corrosion-suscep- 
tible and may necessitate heat treatment. 


In nuclear piping carrying reactor coolant, Types 304 
and 316 are in common use, sometimes in forms contain- 
ing extra-low carbon, 0.03% maximum. 


Wrought iron is practically carbon-free iron containing 
stringy or platelike inclusions of glasslike slag that detour 
and reduce corrosion caused by some of the agents found 
in energy-systems piping. Hot condensate and effluents 
are two examples of these agents. Plant experience is 
usually necessary to determine whether wrought iron wil! 
save money in any given application. 

Cast iron. Although high-carbon steels (0.50% to 
1.30% C) find little use in energy-systems piping, cast 
irons (1.7% to 5% C) are widely employed in water and 
effluent pipe. The B31.1 code section allows cast iron to 
carry steam at pressures up to 250 psi. Long and successful 
record of cast-iron pipe in underground and surface water 
and effluent lines results from its resistance to soil and 
atmospheric corrosion and from its reasonably good 
strength. Brittleness, however, is somewhat of a problem. 

Ductile cast iron is a modified form in which the graph- 
ite (carbon) is in nodules instead of flakes, as in regular 
cast (gray) iron. The lower right figure on the previous 
page shows this difference. Ductile-iron pipe is both 
stronger and more ductile—10% elongation for one stand- 
ard grade—than is cast-iron pipe. 


Nonferrous metals in energy-systems piping 


Copper and aluminum, as alloys, are most important here. 
Occasionally lead, or as in recent nuclear work, high- 
nickel alloys, come into the picture. Copper and brass 
tubing predominate in heat-exchange equipment. Cop- 
per’s corrosion resistance and good workability result in 
neat, durable piping in small water, steam and air lines in 
buildings, or around machinery and equipment. Thin-wall 
copper tubing and brass tubing fittings are used with a 
temperature limit of about 400 F. Aluminum and its alloys 
are lightweight, facilitating installation and removal of 
water or air lines. Aluminum-clad alloys resist corrosion 
better than plain aluminum alloys. Common aluminum 
alloys supplied as pipe are 6061, 6062 and 6063, in fairly 
hard tempers (T5 or T6). Copper and aluminum alloys per- 
form well at cryogenic temperatures. Aluminum alloys 
usually have no transition temperature and can be used at 
—450 F, the limit for stainless steels. 
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Nickel alone is unnecessary and too costly for general 
use. At least one high-nickel alloy, containing 72-76% Ni, 
with the remainder Cr and Fe, has been proposed for 
primary water piping in nuclear-reactor power plants. 


Plastics and asbestos-cement are chief nonmetals 


Thermoplastics become soft when heated and then re- 
cover their strength and other properties when cooled. 
This means that extrusion machinery can heat a material 
like polyvinyl chloride, force it through a ring-shaped die, 
cool it, and thus produce a pipe which will work well at 
room temperature or even in warm-water service. 


Thermosetting substances undergo desirable and 
permanent changes when heated. Pipe made of this class 
of material usually consists of a wall system, as shown at 
the bottom of the next page. Epoxies, polyesters and 
phenolics are the chief thermosetting materials, with fiber- 
glass or asbestos-paper reinforcement added for strength. 
Some reinforced plastics are claimed suitable for tempera- 
tures to 300 F in steam-return service. 

As a general rule, plastic pipe is corrosion-resistant, light- 
weight, smooth inside and outside and easy to join. Its 
low heat and fire resistance is sometimes a disadvantage. 

In the last few years, the thermoplastics have made 
huge gains in drain, waste, an@ vent piping, where they 
compete with cast iron. Acrylonitrile-butadiene-styrene 
ABS: and polyvinyl chloride (PVC) are leading materials 
here. Building water piping is another big market for 
thermoplastics. PVC predominates, but polyethylene (PE) 
s of some value. Chlorinated PVC is better for hot water, 
up to about 200 F. ABS handles oil and gas. Styrene-rubber 
plastic. polypropylene, polybutylene (PB), and cellulose- 
acetate-butvrate (CAB) are other plastic-pipe materials. 

Plastic-pipe testing must take creep into account even 
‘or room-temperature service. The stress sustained in a 
short-term burst-pressure test is usually far above the 
allowable stress for 1000 hours or for the 100,000 hours 
that is the present standard for the carefully evolved tests 
of the Plastics Pipe Institute (PPI). Failure in longterm 
tests is illustrated by bursting, weeping, or local ballooning. 
PPi-design stress is half the 100,000-h stress. 

Plastic-pipe manufacturers use a four-digit code to des- 
ignate their products. The first digit, usually 1 or 2, indi- 
cates the impact resistance (normal or high). The second 
cigit gives the grade and the last two digits give the PPI 
design stress in 100’s of psi. 


Asbestos cement finds use in water lines. Advantages 
are its corrosion resistance and permanent smoothness of 
interior. Salt water and corrosive soils will not harm this 
material or cause tuberculation. 


Several components, each with its own function 


The idea of using more than one component in a pipe 
wall, each accomplishing its specific function, has led 
to full-fledged integral-wall systems. Galvanized pipe is a 
simple illustration: the zinc protects against corrosion 
while the base steel withstands stress. Cement is often 
used to line large steel and cast-iron water pipe to main- 
tain a smooth interior and prevent flow reduction. Plastic 
liners are now put into steel or asbestos-cement pipe for 
corrosion resistance. In reinforced-plastic pipe, the prin- 
cipal load-resisting function is divided among several com- 
ponents, while other elements protect the stress-carrying 
parts, provide a smooth interior and carry auxiliary loads. 
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HOW PIPE IS MADE 


Extrusion through dies, welding, piercing over 
mandrel and casting are major methods used 


Every conceivable method for shaping material into pipe 
or tube is in practical use today. The figures on these two 
pages show several steel-pipe manufacturing processes 
selected to illustrate principles that underly the manu- 
facture of many other materials into pipe or tube. 

Because the basic stress in a pipe wall is nearly uniform, 
a wall without a seam has a natural advantage over a wal! 
with a seam. This advantage does not necessarily make 
seamless or cast pipe more economical than welded pipe 
in total installed cost, however. 

Seamless steel pipe made by the Mannesmann pierc- 
ing process, shown above, requires high-quality forged 
metal because of the pulling and tearing action of the 
oblique rolls. The initial billet must have a dense outer 
surface free of cracks, must possess good h-t ductility and 
must be free of any center porosity or defects that could 
open on the inside during piercing. 

Extrusion through dies is used for metal and plastic 
pipe. Extruders for thermoplastic pipe heat the plastic in a 
barrel containing a long close-fitting screw that rotates 
and forces the plastic out through a ring-shaped die pro- 
ducing the pipe. The temperatures and pressures for ex- 
trusion of steel pipe are much higher, of course, and steel- 
pipe extrusion machinery is far heavier and larger than 
plastic-pipe machinery. 

The ingenious Ugine-Sejournet method, which pro- 
duces high-grade steel pipe by extrusion, is not as severe 
on the initial forging as is the Mannesmann method; cer- 
tain sensitive alloys that give trouble in the Mannesmann 
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method can be successfully worked into pipe by the 
Ugine-Sejournet method. Because the dies for this process 
are low cost, the process is the best choice for odd sizes 
and small lots of special alloys. Extrusion processes put 
material under heavy compression in all directions, giving 
a uniform and fine structure. After steel extrusion, cold- 
-eduction operations follow; these bring the tube to size. 

Piercing and drawing, shown at bottom of next page, is 
another way to make high-grade steel pipe. 

Welded steel pipe is made by butt welding and elec- 
tric-resistance welding, both shown on the next page. In 
large pipe and in some alloy pipe, filler metal is used to 
produce the seam. Codes rate a butt-welded longitudinal 
seam at a lower efficiency than an electric-resistance or 
jiller-metal weld. 

High-production processes turning out pipe in a limited 
selection of outside diameters can justify large numbers 
of roll stands and big inventories of rolls. Small lots or 
special sizes are usually made by die methods, by boring 
of forgings or by centrifugal casting. 

Casting produces not only cast-iron and ductile-iron 
pipe but also carbon and alloy-steel pipe. The latter is 
often centrifugally cast in spinning molds that generate 
high forces, throwing the metal toward the mold surface 
and leaving impurities and blowholes near the inside, 
where subsequent machining removes them. 

Reinforced plastic pipe, shown on the previous page, 
and asbestos-cement pipe are two types made by winding 
on a mandrel. The former uses glass filament, the latter 
a wet film of asbestos, cement and silica. In reinforced 
plastic pipe, good bond between resin matrix and rein- 
forcement is essential. Sometimes air voids and delamina- 
tion can occur. 
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DESIGNING THE SYSTEM 


Begin with flow conditions to determine pipe 
size, calculate for strength, and then select 
pipe; codes and specifications will assist here 


Inside pipe diameter, together with temperature, pressure, 
corrosion and erosion, determine a line’s cost. The inside 
diameter must be sufficient to maintain pressure drop and 
sometimes velocity within reasonable limits. 

Flow in pipe is either laminar or turbulent. Figure (upper 
left) shows characteristics of the two types. Oils may flow 
in laminar manner while water, steam and air are general- 
ly turbulent. The figure (upper left) on facing page shows 
examples of this. 

Pressure-drop calculation is simple for laminar flow, 
more complicated for turbulent flow. Charts and nomo- 
graphs help a great deal, but the designer should under- 
stand the fundamentals, too. 

Viscosity, density, velocity and wall roughness are the 
most important factors. Viscosity of a fluid is measured in 
terms of the force necessary to pull a fluid layer of area A 
at velocity V, relative to a stationary surface at distance D: 

F = (a constant) A (V/D) 
The constant is called the absolute viscosity. Poises and 
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centipoises are units commonly used here; water’s abso- 
lute viscosity at 68.4 F is 1 centipoise. The constant be- 
comes kinematic viscosity when divided by fluid density. 

The relative roughness of a pipe is the height (usually 
.0002 to .01 in.: of the tiny asperities on the wall, divided 
by the inside diameter. 

The factor determining type of flow — smooth and order- 
ly laminar, or confused turbulent — is the ratio of the scat- 
tering influences to the restraining influences. Scattering 
influence increases as diameter and velocity increase; re- 
straining influence increases as viscosity increases. A crowd 
of people in a small passage is a rough analogy. Those who 
walk slowly in a narrow passage tend to maintain straight 
lines, while people running at various speeds in a wide 
passage tend to intermingle and take irregular paths. Rela- 
tives or friends would tend to remain together, however, 
in a “viscosity” effect. In piping, the ratio of the two types 
of influence is called the Reynolds number (Nr): 

__ velocity x inside diameter 


r= 


kinematic viscosity 


In piping, flow is laminar below a Reynolds number of 
about 2000; it is turbulent above approximately 8000. A 
transition region lies between these two numbers that is 
partly laminar and partly turbulent. 
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Oil flow is often laminar in energy systems 


The velocities of liquid in energy-systems piping are generally 
low: the range is roughly 2-20 ft’sec. These velocities make 
pressure drops reasonable. For high-viscosity oils, lower veloci- 
ties are chosen, of course, increasing the probability of laminar 
flow. Gases flow much faster and have low viscosities (a fif- 
tieth to a hundredth that of water). so that their flow is almost 
always turbulent. 

Water, too, is nearly always turbulent in energy-systems 
piping, with a Reynolds number often beyond one million. 


Theory shows that pressure drop in a pipe depends di- 
rectly on pipe length (L) and the square of fluid velocity 
iv’). Also, as the figures at the upper left on the preceding 
page indicate, the bigger the ratio of inside circumference 
‘measured by in.) to cross-sectional area (in sq in.) the 
more the wall drag effect will be felt: All other factors 
being equal, pressure drop will be greater for a smaller 
pipe. The basic equation in one form becomes: 


f L v? 
144 ” D 2g’ 


with y as the density in Ib/cu ft, D the inside diameter in 
ft, L the length in ft, v the average velocity in ft/sec and g 
is the gravity acceleration (32.2). The friction factor in this 
equation, f, varies as shown in the graph at the top of the 
previous page. In the laminar region, f = 64/Nr. In the 
fully turbulent region, f depends on pipe’s relative rough- 
ness and on Nr, but at sufficiently high Reynolds numbers, 
f depends solely on relative roughness. 

Because the basic equation requires trial-and-error solu- 
tion, many researchers have developed approximation 
equations and have prepared charts, like those shown on 
this and the next two pages, to ease calculation. One ex- 
ample is the Williams and Hazen formula for water flow: 
head loss in ft per 1000 ft= 3022.6 v1-852/C1-852D1.167 


pressure drop, psi = 
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Two nomographs, one for liquids and one for steam and gases, | 


Charts make this simple to use. Williams and 
Hazen’s C, in the formula(p S-13)varies from 140 
(smooth pipe) to 60 (rough pipe). 
When calculating pressure drop and line size, 
first choose a desired velocity such as: 
water 3 to 10 ft/sec 

l-p steam 20 to 150 ft/sec 

h-p steam 100 to 300 ft/sec 
These are guide values only; allowable pressure 
drop is usually a more reliable final criterion. 
Next, calculate inside pipe diameter in in. from 


0.409 x gpm_ or 3.06 x cu ft/min 


v (ft/sec) v (ft/sec) 


For steam flow, use specific volume to calculate 
cu ft/min from !b/h. Most piping systems include 
fittings and valves, so the next step is to find the 
equivalent straight-pipe length of all pipe, valves 
and fittings in the system. The chart and table on 
the preceding page will assist. 

To determine pressure drop per 100 ft of equiv- 
alent length, the designer can now either calculate 
from basic or empirical equations or he can use 
charts and tables for a quick solution. 

The two sets of charts on these pages are an 
example of aids for the latter course. 


Liquids 
To find pressure drop for liquids, use the chart at 
top right. For example, a new 6-in. Schedule-40 
steel line carries 600 gpm of water at 150 F. Flow 
velocity and pressure drop will now be calculated. 

For a quick estimate using the nomograph, con- 
nect 600 gpm on the flow scale (A) with 6 in. on 
the actual inside diameter scale (B). Extend the 
line to the velocity scale (C); the velocity is 6.7 
ft/sec. The extended line cuts the reference line 
at D; a line through D and E at 61.2 (150-deg 
water weighs 61.2 Ib/cu ft) on the density scale 
is then extended to F on the unit pressure-drop 
scale. The value is 1.4 psi per 100 ft and if the 
line has the 94-ft equivalent length, as shown on 
page S-13, total pressure drop is about 1.3 psi. 

For a more accurate solution, use the correction 
charts below the nomograph. In the lower chart, 
connect 600 gpm on the flow scale (G) with 6 in. 
on the nominal pipe-size scale (H). The line inter- 
cepts reference line 1 at J. Next, enter the temp- 
erature scale (at the left of the viscosity chart) at 
150 F (K); move to the right, horizontally, to the 
line for water (L) and then straight down to refer- 
ence line 2 (M). Connect points M and J and ex- 
tend the line to reference line 3 in the bottom 
chart (N). Project down from N to the line for 
ordinary clean steel pipe (P), and then horizontal- 
ly, to the correction factor at R: 0.73. 

The corrected pressure drop is 1.3 x 0.73 or 0.95 
psi for the 94-ft equivalent length. 

In water piping, interior surface condition is 
important. At times, the friction factor plays a big- 
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ger part than the inside diameter value. If a smooth 
lining, such as cement or plastic, is put into a steel 
pipe handling mildly corrosive water, the result 
is often a net gain in pumping costs. Although the 
lining reduces pipe diameter slightly, it prevents 
future rusting and tuberculation that would great- 
ly increase the friction coefficient. 

Height difference is another factor in pressure- 
drop calculation for liquid flow. The difference in 
height between beginning and end of the piping 
line must be added as a plus or minus figure to the 
above-determined pressure drop. 


Steam and gases 

Charts on this page give unit pressure drop for 
steam and gas flow. As an example, assume that 
250,000 Ib/h of steam at 635 psig and 850 F flows 
through a 10-in. Schedule-80 pipe. The velocity 
and pressure drop per 100 ft must be found. 

First find the steam’s specific volume from steam 
tables: 1.153 cu ft/lb. Connect 250,000 Ib/h (A) 
on the mass-flow rate scale with 9.56 in. (B) on 
the actual inside-diameter chart. (A 10-in. Sched- 
ule-80 pipe is 9.56 in. inside diameter.) Extend the 
straight line to C on the mass velocity scale and 
read 8300 x 1.153 = 9550 ft/min. Next, connect 
the reference-line intercept (D) of the A to C line 
to the 1.153 value on the specific-volume line (E) 
and extend the E-D line to F on the unit pressure- 
drop line. The value at F is 7.2 psi per 100 ft. 

For a more accurate solution, the designer can 
use the two lower charts to obtain a correction 
factor. Draw a line from 250,000 Ib/h at G on the 
mass-flow rate scale above the lower chart to 9.56 
in. at H on the actual inside-diameter scale at the 
bottom. This line will intercept reference line 1 
at J. Next, enter the temperature scale at the right 
of the viscosity chart at 850 F (K) and move hori- 
zontally to the estimated position (L) of 635 psig 
between the 400-psia and 1000-psia lines for su- 
perheated steam. Drop vertically down to refer- 
ence line 2 (M). Connect M and J and extend the 
straight line to N on reference line 3 in the lower 
chart. From N drop vertically to P, on the line for 
ordinary clean steel pipe and then go horizontally 
right to the correction factor of 0.62 at R. The cor- 
rected drop is 7.2 x 0.62 or 4.5 psi per 100 ft. 

Determine the pressure drop for air and other 
gases in the same way. Before solving pressure 
drop for gases other than steam, air and hydrogen, 
plot temperature vs viscosity on the chart. 

Unlike liquids, steam and gases expand as pres- 
sure drops; this causes conditions in a long, high- 
pressure-drop line to change considerably from 
beginning to end. There are two simple ways to 
account for this and achieve a more accurate re- 
sult. The first method uses an assumed average 
value for specific volume; trial and error provides 
a quick answer. In the other method, the long line 
is divided into two or more sections and an aver- 
age specific-volume value is assumed for each. 
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Selection of materials and pipe quality, next step in system 


After calculating the internal diameter needed for piping 
in a line, the designer must select materials and consider 
their strength. The factors influencing choice of materials 
are temperature, pressure, corrosion by fluid, atmospheric 
corrosion, shock, water hammer, fire resistance and ther- 
mal expansion. Choice of material is simple if previous 
experience proves that one material works best in a given 
application. Occasionally, however, a job requires a full- 
scale engineering and cost study. Designers must compare 
the total lifetime cost of piping systems using competing 
materials; they cannot merely consider the cost per foot 
of pipe from the warehouse. 

Stress calculation is necessary for more exacting work, 
and starts with the basic hoop stress in the pipe wall, as 
shown below, left. This stress calculation ignores longi- 
tudinal wall stress that exists if the pipe has closed ends. 
An example of this is a flask or short header. The closed- 
end effect is often absent in actual piping, so it is best not 
to count on its effects. The piping codes do not. 

Advanced analysis shows that for thin-wall pipe, the out- 
side diameter should be used in the hoop stress equation: 


-P Do 
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with Do as the outside diameter. This equation, called the 
Barlow formula, is the basis for most code stress calcula- 
tion. The formula is good for thick-wall pipe, too. 

The allowable stress in a pipe wall is not determined 
solely by the material’s strength at the service temperature. 
In pipe with a longitudinal welded seam, the efficiency of 
the welded joint must also be considered. Code section 
B31.1, for power piping, gives efficiency factors of 0.60 for 
a furnace butt weld, 0.85 for an electric resistance weld, 
and 1.00 for single or double butt weld with 100% radio- 
graphy. Allowable stress is calculated by multiplying the 
value for seamless metal at the given temperature by ef- 
ficiency factor. Tables of allowable stress in codes, such 


foop force < Pd 
ail area or 


as B31.1, take joint efficiency into account for welded pipe. 
Code section B31.1 adds factors to the Barlow formula: 
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is an equation for determining the minimum wall thickness 
needed to resist internal pressure. The factor y can be ob- 
tained from the table: 


Temperature, F 
to 900 950 1000 1050 1100 1150 and up 


Ferritic 
Psléels 0.4 0.5 07 07 07 07 
Austenitic 
sleols 0.4 04 04 04 05 07 


The quantity A, an added thickness for threading or groov- 
ing and giving mechanical strength to the pipe, ranges 
from about 1/16 to about 3/16 in. 

In calculating value of P (internal pressure) it may be 
necessary to include additions to the normal line pressure — 
allowance for water hammer and for Pressure surges. 

The value of S (allowable stress) is determined for ferrous 
materials below the creep range by the B31.1 code section 
as the lowest of either 25% of minimum room-temperature 
tensile strength, 25% of minimum tensile strength at op- 
erating temperature, or 6242 % of minimum yield strength 
for 0.2% offset at operating temperature. Other B31 code 
sections determine allowable S values in a slightly different 
manner: B31.7, for nuclear power piping, represents code 
writers’ latest thinking on this subject. 

B31.1’s allowable stress for nonferrous metals is the low- 
er of 25% of minimum tensile strength or 6623 % of mini- 
mum yield strength. Creep figures here, too. 

The piping designer must consider additional factors, 
as shown in the upper figure, right. Corrosion and erosion 
may necessitate added material. Bending to small radii 
thins the outer wall at the bend, and pipe selected must 
allow for this. Inside diameters of pipe to be welded to- 
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design, calls for the use of practical wall-strength checks 


gether may not match closely enough at the joint, and, as 
a result, the pipe ends may have to be bored out; this re- 
quires a weld-fitup allowance. 

High-temperature piping must be analyzed for flexi- 
bility to insure that thermal expansion, acting simulta- 
neously with fluid pressure, does not overstress the pipe. 
According to the B31.1 code section, the expansion stress 
must not exceed an allowable stress range. This range de- 
pends on the pipe material's allowable stress at cold temp- 
erature, at hot temperature and the number of full temp- 
erature cycles that the piping will encounter in its lifetime. 
The basic idea behind the stress-range concept is this: al- 
though the hot-temperature stress will tend to be reduced 
by creep effect, the hot elongated pipe will contract when 
it cools again, and the total range of stress will therefore 
stay constant. 

Complete analysis is usually complicated and laborious, 
so many shortcuts and approximations have been devel- 
oped. Today, electronic computers are a great help. 

After selection of a desired minimum wall thickness, 
choice is usually made from standard weights or schedules. 
Originally, manufacturers tried to give all pipe sizes in a 
given schedule the same pressure rating (such as in Sched- 
ule 40, formerly called standard). To accomplish this, the 
wall of smaller pipe sizes was made extra thick. Advances 
in manufacturing have improved small-size pipe so that 
in the present schedule system the smaller sizes are rated 
for higher pressures than are the larger sizes. 

When plastic piping appeared, the manufacturers made 
plastic pipe according to older schedules, such as 40 and 
80, but also introduced a new dimension system called 
the SDR (standard dimension ratio). All pipe sizes of a given 
SDR number have the same ratio of outside diameter to 
wall thickness and therefore are all rated for the same 
pressure. This type of thermoplastic pipe has thin walls in 
small sizes and is joined preferably by methods that do not 
cut into the wall. Illustration, lower right, compares Sched- 
ule 80 and SDR PVC pipe. 

ASTM specifications are the most important ones for 
energy-systems piping. Several of the commonly used specs 
are described here. 

ASTM A120-68a, welded and seamless steel pipe for 
general use; covers a pipe that meets minimum require- 
ments and is intended for all common fiuids at moderate 
temperatures; code section B31.1 allows 5700 psi stress at 
450 F on butt-welded A120, and 9600 psi on the seamless 
variety. Each length gets a short hydrostatic test for a 
tangible assurance of quality, but no minimum tensile 
strength or yield strength is required and no flattening 
test is specified. Wall thickness can go as high as 12⁄2 % 
below nominal and the outside diameter can vary 1% each 
way for sizes 2-in. and over; these factors are significant 
for careful calculation. 

ASTM A53-68, welded and seamless steel pipe, repre- 
sents a higher step towards quality. This pipe is subject to 
modest chemical limitations, its metal must meet tension- 
test requirements and the finished pipe receives bending 
or flattening tests in addition to the hydrostatic test. 

There are three types of A53 pipe — furnace butt welded, 
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electric resistance welded and seamless; the latter two 
can be in Grade A or B. The furnace butt welded type is 
not recommended for flanging. Except for this limitation, 
A53 is suitable for welding and for some forming if not 
severe. Grade A is lower in strength (48,000 psi) and higher 
in elongation (28% for a standard specimen) than is Grade 
B (60,000 psi and 22%), so if a designer expects the pipe 
to be close coiled or bent cold, he should specify Grade 
A. The figures at the lower right on p. S-19 illustrate tests 
for bending and close coiling. For sizes over 2 in., a flatten- 
ing test, shown at upper right on p. S-19, is used. 
Limitation of phosphorus is another safeguard to the 
pipe’s quality. Depending on the steelmaking process and 
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spec type,the maximum ranges from .048% to .13%. 
All in all, A53 is a good pipe for moderate steam service; 


B31.1 allows seamless A53 to be used up to 800 F (p. S-7). 


Three related types of large welded pipe will be exam- 
ined next. Two are chiefly for fluids other than steam and 
one is solely for steam. 

ASTM A135-68a, electric-resistance-welded steel pipe, 
up to 30 in. diam, for liquid, gas and vapor, is made in two 
grades. Grade A has lower tensile strength (48,000 psi) and 
higher elongation (35%) than Grade B (60,000 psi and 
30%) and is suitable for flanging and bending. 

This pipe’s metal has a sulfur limit of .06% in addition to 
a phosphorus limit (.05%). 

Tension test, flattening test and hydrostatic pressure 
test are required. The latter test calls for pressure that de- 
velops 16,000 to 18,000 psi hoop stress by the simple 
Barlow equation (for Grade A) and 20,000 to 22,000 psi for 
Grade B. For small, very thin-wall A135 pipe (34 to 5-in. 
size in Schedule 10), other nondestructive tests can be ad- 
ministered as an alternative to the hydrostatic test. 

The wall thickness can be 12⁄2% below nominal and 
outside diameter can vary up to 1% high or low. 

ASTM A134-68, electric fusion (arc) welded steel-plate 
pipe 16-in. OD and over, is intended for the same type of 
service as A135, but now, for the first time in our series, 
the specification requires that material meet an ASTM 
specification for plate. 

Welding procedure must be qualified. Tension tests made 
on weld specimens with weld reinforcement removed must 
show tensile strength equal to the minimum specified 
tensile strength of the base metal. A bending test is re- 
quired, too; excessive cracking results in rejection. 

Hydrostatic test holds the pipe for 5 sec at 60% of yield 
point; the pressure for this is calculated from the basic 
Barlow formula, using specified thickness and outside di- 
ameter. In this test, as in hydrostatic tests for other ASTM 
pipe, the pipe under test is struck by a 2-lb hammer near 
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the weld at both ends of the pipe length. The purpose of 
these hammer blows is to release latent weld defects that 
withstand steady interna! pressure for a short time. The 
hammer is not used on lighter wall pipe, 0.154 in. or less. 

There are no specifications concerning walil-thickness 
tolerance for A134; this is interred in plate specifications. 
No outside-diameter tolerance is given, either; instead, a 
circumference tolerance of =1°% is specified. Out-of- 
roundness is not mentioned. These broad tolerances 
hamper critical stress calculation. 

ASTM A155-68a, electric tusion-welded steel pipe for 
high-pressure service. resembles A134 but is subject to 
tighter requirements. A155 calls for ASTM steel plate and 
in certain types — A515 and 516 — the plate steel must be 
“killed.” The upper ieft figure, p S-19, illustrates the differ- 
ence between “killed” and “rimmed” steel. 

A155 is the first pipe in our series that can be made of 
several low-allov steels, as well as carbon steel. 

ASTM specs for the initial carbon-steel plate for A155 
pipe require flange or firebox quality of A285; compared 
to A134 pipe. requirements are far tighter. 

Heat treatment is a must for all Class 1 A155 pipe and 
for most Class-2 pipe. The treatment is conducted at 
1100-1250F; again, quality improves, compared to A134. 

A155 pipe is intended for h-p h-t service; wall-thickness 
calculation can become critical. Requirements for thickness 
tolerance must be far tighter than for A134 pipe or gen- 
eral-service pipe. The thickness tolerance is only .01 in. 
below nominal thickness for both carbon and alloy-steel 
varieties. Circumference tolerance is 12%. 

In the seamless-pipe field, there are several higher-qual- 
ity types commonly used. 

ASTM A106-68, seamless carbon-steel pipe for high- 
temperature service, is rated by B31.1 for temperatures up 
to 800 F. This pipe can he bent and flanged. The material 
must be “killed” steel made by open hearth, basic oxygen, 
or electric-furnace process. In all but the smallest sizes, the 
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pipe must be hot finished: this eliminates any strengthen- 
ing or hardening effect from cold work. 

A106 must meet chemical requirements; carbon, manga- 
nese, phosphorus, sulfur and silicon content have maxi- 
mum limits. Three grades — A, B and C — are available. 
Grade C, with 70,000-psi tensile strength, is furnished by 
special agreement only. Tests for A106 include a tension 
test and, on pipe over 2-in. in size, a flattening test is re- 
quired. Bending is tested only on very small pipe and on a 
specimen from large-diameter heavy-wall sizes. Of course, 
hydrostatic pressure tests are made. This specification adds 
supplementary requirements for pipe 8-in. or bigger, op- 
erating at 400 psi and above in central stations. 

ASTM A335-65, seamless ferritic-alloy steel pipe for 
high-temperature service, is higher in quality. This pipe, 
made of carbon-moly or chrome-moly steel, is used at 
temperatures up to about 1000 F. Code B31.1 permits the 
use of some A335 at 1200 F. but allowable stress there is 
very low — 1200 to 1500 psi. A335 pipe receives tension, 
flattening and hydrostatic tests. 

Because the wall thickness can vary by 12⁄2% below 
nominal, it is sometimes advisable to use ASTM A369 pipe, 
which is similar to A335, but is forged and bored for closer 
tolerance — nominal thickness to an extra Ys in. 

ASTM A358-65, A312-64 and A376-64 pipe, made of 
austenitic stainless steel, are rated b\ B31.1 for tempera- 
tures to 1200 F, where some grades carr al.owable stresses 
as high as 6950 psi. 

A358 pipe is welded, A312 can be either v-elded or seam- 
less, and A376 is seamless. A358 pipe has a thickness tol- 
erance of only .01 in. below nominal; because this pipe is 
made of plate, the tolerance can be lower than the 1212 % 
under-thickness tolerance of the other two specifications. 

There are many other important points in ASTM specifi- 
cations for energy-systems pipe. ASTM specs and those of 
other agencies such as the AWWA, cover steel pipe as 
well as other materials for pipe serving varied purposes. 
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JOINING PIPING 


For metals, mechanical joining and welding are methods used, while 
the plastics depend on adhesives, as well. Heat treatment along with 
nondestructive testing are proving important for all code work 


Joining lengths of ferrous pipe in the field requires use of 
a mechanical assembly or thermal welding. Either mechani- 
cal methods or brazing is used for nonferrous metals. 
Brazing calls for a metal that melts at a lower temperature 
than the pipe and adheres to the pipe metal on cooling. 
Plastics employ mechanical joining, thermal and solvent 
welding, in effect, adhesion. 

The mechanical methods allow for easy assembly and 
disassembly. Simplest is the taper-pipe thread used at low 
pressures, moderate temperatures and for pipe sizes to 
about 6 in. Welding may be used to seal screwed joints. 
The new code section, B31.7, for nuclear power piping, 
does not rule out screwed joints but does require a sealing 
medium such as a seal weld. 

The flanged joint can be used at high pressures and tem- 
peratures, but it tends to leak in such ranges; repeated weld- 
ing and cutting is sometimes a preferred choice. Usually, 
screwed flanges are the least desirable. Lapped (Van Stone) 
flanges are made by flanging the pipe end itself; the flat- 
lapped faces are drawn together by bolts in loose slip-on 
flanges. In the weld-neck flange, the material near the 
flange can be as heavy as desired and the neck can taper 
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almost to pipe-wall thickness. The weld is at a distance from 
the flange itself, so that welding heat has little effect on the 
flange. Cast-iron pipe often has integral flanges. In flanged 
joints, sealing against leakage can be accomplished either 
by lapping the metal faces or by using compressible gasket 
material. Creep at high temperatures poses a problem for 
flanges and their gaskets. Distortion acceptable in the pipe 
itself causes a flanged joint to leak. Chief drawback of 
flanged joints is leakage rather than lack of strength. 
Several couplings that use rubber or plastic gasket seals 
are available for metal piping operating at room tempera- 
ture or slightly above. Two of these are shown below. The 
groove type resists axial puil. The compression-sleeve type 
needs an external axial restraint: this requirement is not a 
serious drawback for many kinds of piping. A new com- 
pression-type coupling produces axial restraint through the 
friction that is developed bv tightening sliding flanges to- 
gether over tapered-sur‘ace sieeves, The sleeves grip the 
outer surface of the pipe. compressing the seal ring be- 
tween them and sealing ‘he nipe joint. This type of coup- 
ling can be used on thin-wall pipe. Through improvements 
in sealing materials. che temperature range of these coup- 
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lings could be extended to 500 F, in the near future. 

The bell-and-spigot type coupling and its close relative, 
the solvent-weld coupling for plastic pipe, make use of an 
old idea. Recently, the 5e:!-and-spigot has been used with 
plastic or rubber gasket ring for plastic pipe and for asbes- 
tos-cement pipe carrying a plastic covering on the end. 
The annular gasket ring. mounted in the bell, seals against 
the outside of the spigot end. 

Before reviewing welding techniques, mechanics of heat 
treating must be examined. Diagram and box copy above 
cover some methods of heat treatment for carbon steel. 
Alloy-steel welding involves several other treatments. 

Some grades of welded austenitic stainless experience 
chromium-carbide precipitation at grain boundaries during 
cooling. Chromium comes from nearby metal — result may 
be corrosion. Restoration requires heat treatment at about 
2000 F, followed by a water quench. In power piping, this 
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Beveling of pipe ends is first move in preparing for most 
welds, Thin walls (below 3/16-in.) need only square cut 


Pipe-end preparation is important step prior to the field welding of common steel piping 


Pipe heat treatment helps maintain ductility 


The diagram at left is an enlargement of part of the carbon- 
steel phase diagram shown on p. S-7. In carbon-steel pipe, 
heat treatment is rarely used for improving strength or hard- 
ness of the metal. Because of the low carbon content in pipe 
steel, a quenching type of heat treatment from temperatures 
in the austenite region is not effective. In addition, if a hardened 
carbon steel is welded, welding heat removes the effect 
of the heat treatment near the weld. Code section B31.1 gives 
no credit for most special heat treatment. 

Normalizing, stress relief and preheating for welding are 
the most important heat treatments for carbon-steel pipe. In 
normalizing, the steel is heated to about 100 F inside the 
austenite region and then air cooled. This treatment gives 
improved grain size and homogenizes the grains. Air-cooling 
is fast enough to prevent harmful changes in grain size but not 
fast enough to change the austenite into hard martensite. At 
normalizing temperature, the steel is soft enough to cause 
complicated bulky weldments or long pipe pieces to distort 
under their own weight. If dimensions are critical, careful prep- 
aration for support in the furnace must be made. 

In stress relief, the pipe is heated to the range shown and 
the heat causes release of internal stresses from cold work or 
from other sources. Carbon-steel pipe is stress-relieved after 
welding only when wall thickness exceeds % in. 
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kind of corrosion is generally not serious and the restora- 
tion technique is seldom used. Instead, stabilized or extra 
low-carbon stainless grades see service. 

Welding is the only large-scale joining method for h-p 
h-t piping and is widely used for all types of steel piping. 
The circumferential butt weld predominates, but some fillet 
welding is done on socket fittings. In welding processes 
for joining steel piping, the pipe metal at the weld joint is 
brought to melting point by the heat of an electric arc and 
is fused, usually with addition of other metal. Sometimes, 
small pipe is furnace butt welded longitudinally. Melting 
does not occur here; the soft hot metal is fused under 
pressure. Because the metal in a weld goes through all 
temperatures — from room temperature to melting and 
back again.— a designer should know the metal’s high- 
temperature phases and metallurgy, too. 

Pipe welding is done with the arc and molten-metal 
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Shielded-arc electrodes have a protective coating. Use 
of low-hydrogen electrodes aids in improving the weld 
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Much critical piping is welded by gas tungsten-arc (TIG), 
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zone shielded from the atmosphere by inert gases or by 
flux, a fine-grained mineral material that covers the weld 
zone and solidifies over the completed weld metal. 

The lower right figure on p. S-21 illustrates the most 
common pipe-welding method — shielded metal-arc weld- 
ing. The electric arc formed between the weiding electrode 
and the pipe metal heats the pipe metal and melts the 
electrode end; electrode metal is transferred to the arc 
pool. In this process, the electrode coating has two func- 
tions: it supplies inert shielding gas to keep air away from 
the molten metal, and it provides a flux for a protective slag 
over the cooling weld metal. Shielded metal-arc welding 
is performed manually. Complete removal of slag between 
passes is important. The simple preparation of the pipe end 
for this process is shown in the lower left figure, p. S-21. On 
heavy-wall pipe the bevel is steeper at the top; this reduces 
the required amount of filler metal. Either machining, 
grinding, or oxygen cutting can prepare the pipe end. 

Sometimes backing rings are used inside carbon-steel 
pipe. These machined rings straddle the joint and fit against 
the pipe wall, which can be machined if necessary. 

Another welding process often used for critical power 
piping, especially h-p h-t piping, is the inert-gas tungsten- 
arc (TIG) process, with consumable insert ring. This type of 
ring gives a smoother interior contour at the joint and 
makes radiograph interpretation easier. The ring takes the 
place of a separate metal wire and is easier to use than the 
separate wire. The TIG process is shown above. 

After the root pass has been made and inspected, the 
rest of the groove must be filled. The TIG process is not 
as suitable for this as other methods because it is too slow. 
In its place, the MIG (inert-gas metal-arc) process finds use. 
The upper left figure on facing page outlines the method: 
a wire, fed mechanically into the arc between wire end 
and pipe metal, melts and remains in the joint. Inert gas 
shields the molten zone from the surrounding air. The elec- 
tric current passes though the wire, arc and pipe metal and 
goes back to the welding machine. Metal deposit from the 
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TIG welding process makes the vital first-pass weld. The arc 
goes from the durable tungsten to the pipe metal at root of the 
weld-joint preparation, shown in illustration, above. Consum- 
able insert ring, sometimes set slightly off center, helps obtain 
crackfree root pass that is so essential in high-grade welds 
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power-fed wire is fast. 

Another process, used on large pipe, is the submerged- 
arc process, in which uncoated electrode wire is deposited 
across an arc hidden under a measured feed of granular 
flux. This method will quickly deposit large quantities of 
metal. The root pass is often TIG-welded. In the sub- 
merged-arc process a iarge amount of heat is generated, 
giving deep fusion. 

Chemistry of the weld metal can vary from chemistry of 
the pipe’s meta:. if desired. This is accomplished by adding 
alloying elements in either flux or electrode metal. 

Qualification of weiding procedures and welders is re- 
quired in code work. For B31.1 and B31.7, the require- 
ments are largely those given in Section IX of the ASME 
Boiler and Pressure Vesse! Code. Development of welding 
procedure covers much more than mere selection of suc- 
cessive processes, filler rod and heat treatment. Exact de- 
tails of joint preparation, movement and handling of the 
pipe, tack welding and clamping, welding currents, metal- 
deposit rates and inspection must be included. 

Perhaps the most serious disadvantage of welding as a 
pipe-joining method is the wide variety of defects that 
can occur, both obvious and hidden, unless quality control 
is constant and unremitting. The upper right figure on the 
next page shows some of these defects in the weld-fusion 
area. Other defects occur in nearby metal affected by weld- 
ing heat — grain coarsening, hardening, carbide precipita- 
tion and cracking are among them. 

How can inspectors find defects that occur even after 
quality control has been pushed to its practical limits? This 
problem exists at all stages of piping fabrication and the 
detection methods are the same for all stages. 

For flaws that extend to the surface, the eye is good, but 
magnifying devices can aid the eye. Borescopes and liquid 
penetrant, a fluid that is drawn into fine cracks by capil- 
larity, are both practical aids. The fluid, applied to the clean 
cool metal surface, contains either a bright red dye or a 
fluorescent dye. A quarter-hour or so after application the 


gas metal-arc (MIG), or submerged metal-arc methods 


surface is wiped clean or rinsed off. Developer, sprayed on 
the metal, dries to a white film against which red dye, 
oozing out of the cracks. is plainly visible. Ultraviolet light 
reveals the fluorescent penetrant. Surfaces that are hot, 
rough, or contaminated make liquid-penetrant testing ex- 
tremely difficult. Problems have occurred in nuclear piping 
when penetrant was allowec to remain in the cracks. 
Magnetic-particle inspection is a method that detects 
surface cracks in ferromagretic metal. A current, flowing 


Weld defects resemble common defects in all cast metal. Crack 
may start from a concavity, here exemplified by undercutting 


MIG process is automated to coordinate filler-wire feed with 
welding current. Metal deposits are faster than in TIG process 
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radiography or ultrasonics for checks in the interior. 

In radiography of piping, either tube-produced x-rays or 
radioisotope-generated gamma rays penetrate the pipe and 
strike a film exposed on the opposite side. The film record 
is permanent and available for reference years later. Main 
defects sought are porosity, slag, internal cracks and in- 
complete penetration. Sensitivity and interpretation are 
important factors in radiography of piping. Very small or 
thin defects, or those that pass as much radiation as the 


base metal, are not revealed; no contrasting shadow or 
bright spot appears. Defects that are easily visible do not 
always cause rejection. A certain amount of porosity or slag 
does not cause serious damage to the weld. All codes 


between two prods at points on the steel’s clean surface 

p p , 
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used for piping, the partic:es ere sp-irkled on the surface 
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and the excess is gently blows o> ‘<2 ing only those parti- recognize this and have set up standards (a visual com- 
cles attached to discontinuities. “se 3⁄7 method will reveal parison type for porosity) based on experience. 
some subsurface flaws too. Du: “soectors rely more on The penetrameter assists the radiograph interpreter in 


Radiography requires careful 
planning, skilled interpreting 


z The figure at left shows two placement 
Ui ecssibilities of radioactive source and 
Ga * m. Two source positions, with separate 
a : £4 m exposed for each, may be needed to 
re,ea defects unfavorably oriented. The 
cicgrapher must understand the weld- 
process and know what defects are 

ixe y ic occur and how they are oriented. 
The igure at right shows how defect 
orientz:.cn and size determine whether 
radiogracry can reveal the flaws. Re- 
memeber. too. that a “Yes” only means 
that the cefect can be detected if source 
strength and distance, film type, expo- 
sure time and inspector's skill are ade- 
quate. In heavier plate, defects 2% or 
more of meta! thickness can be detected. 
Crack detection is sometimes difficult. 
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Eddy current and ultrasonics test pipe nondestructively 


Crack extending 


to surface — 
sharply defined 
heavy buildup 
of particles 
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Magnetic particles indicate irregularities. in magnetic flux. 
Current between probes aligned parallel to flaws causes flux 


judging sensitivity; other picture evidence, however, is 
considered more reliable. A penetrameter is merely a thin 
plate, no more than 2% of the metal thickness; it is 
placed on the pipe-wall surface, preferably opposite the 
film and towards the source. Several holes or slits in the 
penetrameter pass more radiation on to the film, and the 
appearance of the penetrameter image indicates sensitivity. 

Two other nondestructive test methods for pipe are the 
eddy-current method and the ultrasonic method. 

Eddy-current testing, which works on both ferrous and 
nonferrous metals, is widely used in pipe and tube manu- 
facture. Radiography and ultrasonics are common testing 
methods for pipe joining. In high-speed inspection of new- 
ly made pipe, surrounding or external coils induce eddy 
currents in the pipe wall. Defects in the pipe cause an ex- 
ternally-sensed variation in the coil’s impedance. Probe 
coils are used to search small areas in finished piping. Be- 
sides cracks and seams, eddy-current testing can find metal- 
structure differences;chemical composition and hardness 
are two of these differences. 

Ultrasonic methods are growing in importance but are 
still not nearly as common as radiography. The upper right 
figure shows one of several ultrasonic methods applied to 
pipe-flaw detection. This particular method beams rapidly 
repeated short bursts of sound into the pipe wall at an 
angle of about 70 deg; these sounds are pitched far too 
high for the human ear to catch. The sound burst travels on 
a beam path, bouncing off the inner and outer walls. A 
defect will reflect part of the sound back to the transducer, 
which listens for reflections after each burst. The cathode- 
ray tube shows the image of sound intensity for each burst 
and reflection. Several hundred burst and listening periods 
can occur in a second, but the image of each is retained 
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Ultrasonic transducer sends sound beam through couplant 
paste and into pipe. Ultrasonics can find wall thickness, too 


long enough to make it seem continuous. Calibration plates 
with small holes are an aid in ultrasonic inspection work. 

Vital in nuclear work is test of welds for very small 
leaks. No material is absolutely leaktight; certain gases can 
permeate even through crystals. Detection methods such 
as bubbles formed in soapy water from escaping air have 
a sensitivity of no better than 0.3 cu cm per hour with an 
internal air pressure of 14.7 psig. More sensitive methods — 
the detection of radioisotopes re-emerging from leak paths 
that they have been allowed to penetrate — will detect as 
little as 3 millionths cu cm per year with an internal air 
pressure of 14.7 psig. 


To delve deeper into piping, start with these sources 


U.S.A. B31 code; section B31.1 (power) and B31.7 

{nuclear). B31.6 (chemical process) will soon appear. 

Fifth edition of "Piping Handbook,” McGraw-Hiil, 1967. 

Latest editions of all five sections of “Welding Handbook,” 
American Welding Society. 

Latest editions of such ASTM standards as: 

E8—Tension testing of metallic materials 

E23—Notched bar impact testing of metallic materials 
D1598—Time-to-failure of plastic pipe under long-term hydrostatic 
pressure (for thermoplastics and thermosets) 

Latest editions of ASTM Standard Specifications, including: 
A53—Welded and seamless steel pipe 

A72—Welded wrought-iron pipe 

A106—Seamless carbon-steel pipe for high-temperature service 
A120—Welded and seamless steel pipe for ordinary uses 
A335—Seamiess ferritic alloy steel pipe for high-temperature service 
Plastics Pipe Institute’s Technical Report on “Recommended method 
for obtaining hydrostatic-design basis for thermoplastic pipe.” 
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One of man’s oldest aids, the pump today ranks second only to 
the electric motor as the most widely used industrial machine. 
Anything that will flow is pumped— from highly volatile ether 
to thick muds and sludges. Molten metals and liquids at 1000 F, 
or higher, pose few real problems for modern pumps. 

Though the origin of pumps is lost in antiquity, we do know 
that crude pumping devices provided water for ancient Egypt, 
China, India, Greece and Rome. Today the U.S. alone draws 
more than 200 billion gallons each day from its water resources 
and pumps move almost every drop. Of this total, an impressive 
80 billion gallons is said to be industry’s share. 

To meet these demands we find an almost confusingly large 
variety of available pumps. They range from tiny adjustable 
displacement units to giants handling well over 100,000 gallons 
per minute. Number of designs soars into the hundreds, some 
differing in elements as small as packing glands, some in the 
entire principle of operation. 

It’s neither possible nor desirable to cover every variation in a 
concise practical handbook such as this. So we’ve made a highly 
selective choice of widely used industrial pumps of all classes and 
types — the pumps you're likely to run into in your work. And 
we've stuck to units using mechanical means to move a liquid 
from one point to another, putting aside for a time such devices 
as ejectors, hydraulic rams, etc. 

So you’ll find the important facts about industrial pumping in 
easy-to-read form in the following 31 pages. Put them to work 
improving the effectiveness of your pumping operations. 
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DEFINITIONS 


PUMPING is the addition of energy to a liquid to 
move it from one point to another 


CENTRIFUGAL PUMPS employ centrifugal force 
to develop a pressure rise for moving a liquid 


ROTARY PUMPS use gears, vanes, pistons, screws, 
cams, segments, etc, in a fixed casing te produce 
steady positive displacement of a liquid 


RECIPROCATING PUMPS use pistons, ptungers, 
diaphragms or other devices to positively displace a 
given volume of liquid during each stroke of the unit 
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IMPELLER is the rotating element in a centrifugal 
pump through which liquid passes and by means of 
which energy is imparted to the tiquid 


CASING of a centrifugal pump is the housing sur- 


Relatively small rounding the impeller. It contains the bearings for 

5 A supporting the shaft on which impeller mounts 

LIQUID PISTON OR PLUNGER of a reciprocating 

‘None pump is the moving member that contacts the liquid 
Increase and imparts energy to it 

SINGLE-STAGE centrifugal pump is one in which 

= ‘ total head is developed by one impeller 
None 4 None ae MULTISTAGE centrifuga! pump is one having two 
Decrease 


or more impellers acting in series in one casing 


P UMPS...« major classes and types 


The world of pumps can be extremely confusing to new- 
comers—and even to some oldtimers. Diagram, left, is 
designed to clear up much of the mystery and confusion 
surrounding pump classes and types. You might call it your 
road map to the world of pumps. Based on often-used 
standard classifications, it incorporates a number of useful 
facts that are a big help in pump selection and application. 

Three classes of pumps find use today — centrifugal, rotary 
and reciprocating. Note that these terms apply only to the 
mechanics of moving the fluid, not to the service for which 
the pump is designed. This is important, because many 
pumps are built and sold for a specific service, and in the 
complex problem of finding which has the best design de- 
tails we may overlook the basic problems of class and type. 

Each classification is further subdivided into a number of 
different types, diagram J/eft. For example, under the rotary 
classification we have cam, screw, gear and vane pumps. 
Each is a particular type of rotary pump. 

To go one step further, let’s take a brief look at a fuel-oil 
pump in wide use today. It is a rotary three-screw type 
available with rotors of a number of different materials and 
four means of balancing axial thrust. 

The last two items are important details in pump appli- 
cation; first two are keys to classification of the unit. The 
Hydraulic Institute recommends that the standard classifi- 
cation be considered as applying to type only, leaving the 
builder to use the details he has developed or standardized 
for that type of pump. So in selecting a pump we often 
find we must compare, detail for detail, a number of makes. 
Broad breakdown in diagram comes in handy then. 

Our next consideration is a wide statement of the general 
characteristics of a given class of pumps. Table, above left, 
does just this for us. 

For example, if we want to handle relatively small ca- 


pacities of clean, clear liquids at high head, we can refer 
to the table. In any problem of this type we must remember 
that suction lift should not exceed recommended limit. 
Capacity in gallons per minute (gpm) determines pump 
size and influences classification. Nature of fluid is also 
involved, as is pump construction. Head is a big factor. 

Table shows a reciprocating pump is suitable for the 
general conditions we have in mind — small capacity, high 
head, clean, clear liquids. Then, depending on job needs, 
we may choose a piston or plunger type, direct-acting, 
crank-and-flywheel, or power type. It may be simplex, 
duplex, triplex, or have a larger number of cylinders. 

Once we've settled these items we’re ready to study valve 
details, materials, drives, etc. In general, you'll find that 
pump details are greatly influenced by job requirements. 
Thus the particular arrangement of a centrifugal pump may 
depend as much on piping, space and working conditions 
as on any other existing factors. Drive chosen for the pump 
may be fixed by the pump speed, plant heat balance, power 
supply available or cost of a particular fuel in the area. 
But again, these are details, to be decided after we find a 
pump suitable for the hydraulic conditions we must meet. 
And the key to meeting the hydraulic conditions is the right 
class and type of pump. 

Where two or more different units meet hydraulic needs, 
we must go one step further and decide which pump is best 
for the installation. We may want or need low first cost, 
long life or maximum operating economy. Normally we do 
not find all in one package. So we must decide which is 
most important and go ahead from there. 

Getting the right pump is much like coming to a fork in 
the road. Our map tells us which way to turn. Once on the 
right road all we need do is watch our route markers, The 
next 29 pages do just that for you in the world of pumps. 
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E As a boy you probably whirled 
( NTRIFUGA around your head a bucket on the 

end of a rope, just like the little guy 
in the three sketches above. As you recall, the water stayed 
in the bucket just as long as you kept it turning at a fair 
speed. The force that kept the water in the bucket is at work 
in centrifugal pumps. 

Imagine an impeller at rest in water, above left. This 
is like the lad’s bucket before he starts whirling it. Now 
rotate the impeller, middle sketch. Water will fly out from 
between the blades just as it would squirt out of the whirl- 
ing bucket if it had a hole in the bottom. 

The force causing the water to leave the impeller (or the 
bucket) is centrifugal force and that’s where pumps of this 
class get their name. They depend on centrifugal action even 
though details differ, as we’ll see later. 
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Going back to the middle sketch, as the impeller throws 
out liquid, more rushes into the center where the lowest 
pressure exists, and where a suction pipe is normally fitted. 
This liquid too is thrown out, is followed by more, and we 
have the steady discharge characteristic gf centrifugals. 

Once the liquid is being thrown from the impeller we must 
guide it to its destination. Otherwise we’ve accomplished 
little more than make a big splash. 

By putting the impeller in a casing we can change flow 
from haphazardly outward to controlled movement in the 
direction we want. With vanes like those of the deepwell 
pump in the righthand sketch we can even turn the flow 
upward. A casing, with or without vanes, acts something 
like a hose attached to the bottom of the boy’s bucket. 

The result is a workable pump for imparting energy to 
a liquid at one point to cause it to move to another. 


Long of major importance in the 
RECIPROCATING pumping field, reciprocating 
units today are finding many 
new uses. particularly in the fields of metering and pro- 
portioning. and where extremely high pressures are needed. 
Direct-acting steam pumps, top left, have two sets of 
valves in the liquid end. When the piston moves to the left 
as shown, liquid is drawn in through the righthand set of 
suction valves and liquid previously drawn into the cylinder 
is discharged through the upper left set of discharge valves. 
This is a double-acting pump, liquid being discharged on 
every stroke. The actual arrangement of the valves differs 
in various designs. 

Power pumps. top right and lower left, have a number of 
different arrangements for suction and discharge valves. 
In these two single-acting units, liquid is drawn into the 
cylinder during one stroke of the plunger. On the next 
stroke, the plunger forces liquid through the discharge 
valves into the pump outlet. 

Radial-piston pumps, lower right, one of many relatively 
recent designs, have their pistons attached to an outer ring 
whose center of rotation can be changed. Moving the ring 
to an eccentric position produces suction and discharge 
through valves in the center of the pump. Reversing the 
direction of ring rotation reverses liquid flow. A large num- 
ber of other designs are discussed later, pp 90-95. 


ROT ARY Like reciprocating pumps but unlike cen- 

trifugals, most rotary pumps are positive- 

displacement units — that is a given quan- 

tity of liquid is discharged for each revolution of the shaft. 

Like the centrifugal pump, flow is usually steady, without 
large pressure pulsations. 

Rotary gear pumps, above left, have two or more gears in 
a casing and during rotation the liquid fills the spaces be- 
tween the gear teeth on the suction side. From there it is 
carried around and squeezed out as the teeth mesh on the 
other side of the pump. 

Sliding-vane rotary pumps, above center, are built in a 
number of different designs. In the type shown, the vanes 
move in and out of the rotor, which is set off-center in the 
casing. When the rotor turns counterclockwise, liquid flows 
into the cavity formed by rotor bottom and casing wall. 


As the rotor turns, it brings the next vane into position to 
trap the liquid in the cavity. Further rotation forces the 
liquid around and out the discharge opening of the pump. 
The vanes are held against the inner wall of the casing by 
centrifugal force produced by rapid rotation of the rotor. 

Screw pumps, above right, draw the liquid into one or 
both ends of the rotor or rotors, where it is trapped in the 
pockets formed by the threads, It is moved along to the dis- 
charge point much like a nut on a thread. Screw-type rotary 
pumps may have one, two or three screws. When only a 
single screw is used, liquid enters at one end, is discharged 
at the other. The screw runs in a double-threaded helix. 
Clearance is an important factor in many rotary-pump 
designs that are used today. 

Later, pp 88, we'll discuss the large number of other ro- 
tary-pump designs used for a variety of industrial services. 
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TWO-STAGE horizontally split pump has 
opposed impellers, ball-type bearings 


SINGLE-STAGE general-purpose pump has horizontally split casing, water-sealed MULTISTAGE single-suction opposed-im- 
stuffing boxes, cast-iron double-suction casing. The impeller is made of bronze peller pump for continuous heavy duty 


” 


HORIZONTAL TURBINE PUMP, single stage, is self-venting to prevent vapor binding. ENCLOSED-TYPE non-overload impeller on 
Units like this are built with standard stuffing boxes, or with a mechanical seal stainless-steel shaft for vacuum service 


Centrifugal pumps 


Earlier we saw how modern pumps are classified and typed. Now we're ready 
to take a closer look at centrifugal pumps — the most widely used units. 

Illustrations on these two pages are a small sampling of today’s designs. Study 
shows that though all come under one broad classification, intended application 
is a major factor in impeller and casing design, materials used, and other me- 
chanical and hydraulic features. For these reasons we find pump builders stress- 
ing ultimate use somewhat more than classification and type. 

Thus centrifugal pumps are termed boiler-feed, general-purpose, sump, deep- 
well, refinery (hot oil), condensate, vacuum (heating), process, sewage, trash, 
circulating, self-priming, sanitary, bait, booster, paper stock, chemical, fire, jet, 
sand, slurry, ash, glass, stoneware, submersible, tail-water, etc. In general, each 
has specific features of design and materials recommended by the builder for 
the particular service. This makes selection and application easier. 

Another subdivision grows out of broad structural features. Thus we find 
horizontal and vertical units, close-coupled designs, single- and double-suction 
impellers, horizontally split casings and barrel casings, etc. Correct evaluation SINGLE-STAGE pump with sleeve bearings 
of all these variations is one of the big jobs in selecting a pump. and mechanical seal for hot-water uses 
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SEAL-LESS leakproof combined motor-pump 
has no stuffing boxes, uses no lubricant 


NON-CLOGGING PUMP: 2-bladed impel- 
ler, ball bearings, removable suction cover 


MIXED-FLOW vertical pump may be either 
water or oll lubricated, depending on job 


SUCTION SIDE of a single-stage fire pump, complete with motor and fittings. Pumps 
and fittings for this service are laboratory tested before underwriters’ approval 


VERTICAL single-stage unit has semi-open WATER-LUBRICATED vertical pump: semi- 
impeller, ball and sleeve shaft bearings open impellers, open line-shaft bearings 
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CENTRIFUGAL PUMPS continued 


VOLUTE converts velocity energy of the 
liquid into static pressure (read in psi) 


Pump action 


In volute-type pumps the impeller 
discharges into a progressively ex- 
panding spiral casing, proportioned to 
gradually reduce liquid velocity. Thus 
velocity energy is changed to pressure 
head in the volute. 

Stationary guide vanes surround the 
runner in a diffuser-type pump. These 
gradually expanding passages change 
the direction of liquid flow and con- 
vert velocity energy to pressure head. 

Liquid in a turbine pump is picked 
up by the impeller’s vanes and whirled 
at a high velocity for nearly one revo- 
lution in an annular channel in which 
the impeller turns. Energy is added to 


Specific speed 


Specific speed is an index of pump 
type, using the capacity and head 
obtained at the point of maximum 
efficiency. It determines the general 
profile or shape of the impeller. In 
numbers, specific speed is the rpm at 
which an impeller would run if re- 
duced in size to deliver 1 gpm against 
a total head of 1 ft. 

Impellers for high heads usually 
have low specific speed; impellers for 
low heads have high specific speed. 

As diagram, right, shows, each im- 
peller design has a specific-speed range 
for which it is best adapted. These 
ranges are approximate, without clear- 
cut divisions between them. Chart 
gives general relations between im- 
peller shape, efficiency and capacity. 

Suction limitations of different 
pumps bear a relation to the specific 
speed. The Hydraulic Institute pub- 
lishes charts giving recommended spe- 
cific speed limits for various cond‘tions. 
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DIFFUSER changes flow direction, aids in 
converting velocity energy to pressure 


MIXED-FLOW units use both centrifugal 
force and lift of vanes on the liquid 


the liquid in a number of impulses, so 
it enters the discharge at high velocity. 

Mixed-flow pumps develop their 
head partly by centrifugal force and 


SPECIFIC SPEED is approximately related to impeller shape and efficiency, as shown 
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TURBINE pump adds energy to the liquid 
in a number of impulses during rotation 


a 


PROPELLER pump develops most of its head 
by propelling action of vanes on liquid 


partly by the lift of the vanes on the 
liquid. Propeller pumps develop most 
of their head by the propelling or lift- 
ing action of the vanes on the liquid. 


by these curves. There is no sharp dividing line between various impeller designs 


A 


Besides being classified according to specific speed, an im- 
peller is also typed as to how the liquid enters, its vane 
details, and use for which it is intended. 

Open impellers, A, have vanes attached to a central hub 
with relatively small shrouds. Semi-open, B, have a shroud, 
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or wall, on only one side. Closed impellers, C and D, have 
shrouds on both sides to enclose liquid passages. Single or 
end-suction units, C, have liquid inlet on one side; in 
double-suction type, D, liquid enters both sides. E, F and 
G are paper-stock, propeller and mixed-flow designs. 


Centrifugal-pump casings may be split horizontally, A, 
vertically, B, or diagonally (at an angle other than 90 deg). 

Horizontally split casings are also termed axially split. 
Both suction and discharge nozzles are normally in lower 
half of casing; upper half lifts for easy inspection. Vertical- 


ly split casings are also called radially split. They’re used 
in close-coupled or frame-mounted end-suction designs. 
Barrel casings, C and D, are used on,high-pressure dif- 
fuser and volute pumps. Inner casing fits in outer barrel. 
Discharge pressure acting on inner case provides seal. 


To prevent costly wear of casing and impeller at the running 
joint, wearing rings, also called casing rings, are installed. 
Where these rings are removable, as they usually are, they 
can be replaced at a fraction of the cost of a new impeller 
or pump casing that might otherwise be needed. 


Seal A is a plain flat joint. Similar joint, B, has a flat 
ring mounted on the pump casing. At C the ring fits into a 
casing groove; impeller has a similar ring. 

In designs D, E, and F, rings are fitted to both casing and 
impeller. Form varies with pressure, service, etc. 


Practically every type of bearing has been used in centrif- 
ugal pumps. Today, ball, sleeve and Kingsbury bearings 
find most common use. Many pumps are available with 
more than one type of bearing to meet different needs. 
Ball bearings, A, may be of single- or double-row type. 


Spherical roller bearings are widely used for large shafts. 
Sleeve bearings, B and C, may be either horizontal or 

vertical. In the latter, water is often the lubricant. 
Kingsbury thrust bearings, D, find use in larger pumps. 

Design resembles that used in other rotating machinery. 
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CENTRIFUGAL PUMPS continued 


Sleeves protect shaft against corrosion, 
erosion and wear affecting its strength. 
Many forms are used on large pumps 
but on small ones sleeve is often left 
off to cut hydraulic and stuffingbox 
losses. Shaft is then made of a metal 
that is sufficiently corrosion- and wear- 
resistant for satisfactory life. 
Interstage sleeves guard multistage 
pump shafts. In some, long hub on 
impeller replaces interstage sleeve. 


These are used to prevent air leakage 
into pump when running with a suc- 
tion lift and to distribute sealing liquid 
uniformly around annular space be- 
tween box core, shaft-sleeve surface. 
Also called seal cages and waterseal 
rings, they receive liquid under pres- 
sure from pump or independent source. 
Grease sometimes serves as sealing 
medium when clear liquid isn’t avail- 
able or can’t be used (sewage pumps). 


Stuffing box stops air leaking into cas- 
ing when pressure is below atmospher- 
ic; holds leakage out of casing to a 
minimum when pressure is above. 

Sketches show solid-packed box, 
which has no lantern rings; two injec- 
tion designs, which do. On pumps 
handling hot liquids, or having high 
stuffing-box pressures, box is often 
water-jacket cooled. In some, coolant 
and pumped liquid mix. 
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Mechanical seals in wide variety serve 
where leakage is objectionable. They 
also find use where stuffing-boxes can’t 
give adequate leak protection. 
Sealing surfaces are perpendicular 
to pump shaft and usually comprise 
two polished lubricated parts running 
on each other. Though not guaranteed 
leakproof, leakage is usually nil. 
Outside type, A, is used where gritty 
liquids or leakage retained in stuffing 
box would be undesirable. Inside, B, 
finds much use for volatile liquids. 


Materials for centrifugal pumps 


MATERIALS FOR PUMPING 
VARIOUS LIQUIDS 


Liquid 


Acid, acetic 

Acid, hydrochloric 
Acid, nitric 

Acid, sulfuric 
Alcohols 


Asphalt 
Beer 

Beet juice 
Brine, CaCl 
Brine, CaCl 


Brine, NaCl 
Brine, NaCl 


Calcium 
hypochlorite 

Carbon tet 

Formaldehyde 


Gasoline 
Glue 
Lead 
Milk 
Molasses 


Mustard 

Oil, crude 
Oil, fuel 

Oil, kerosene 
Oil, lube 
Sewage 


Soda ash 
Sodium hydroxide 


Sugar 
Tar 
Water, feed 


Condition 


Cone cold 
Comm! conc 
Conc boiling 
>77%, cold 


Hot 


pH>8 
pH<8 


<3%, cold 
>3%, cold 


Anhydrous 


Hot 
Molten 


Hot 


Hot 
Aqueous sol 


Aqueous sol 
Hot 
Not 
evaporated 
pH>8,5 
pH<8.5 
Evaporated, 
any pH 


Material 
selection 


4, 5,8,14 


Eight important factors affecting 
choice of materials for centrifugal 
pumps are: suspended-solids abrasive- 
ness, corrosion resistance, electrochem- 
ical action, liquid temperature, head 
per stage, discharge pressure, structur- 
al considerations, pump load-factor. 

Tables, above and left, summarize 
the broad experience of pump makers 
and users with various materials and 
liquids. Materials listed are applicable 
to all classes of pumps as far as cor- 
rosion-resistance characteristics are 
concerned. But in some pumps, design 
considerations impose differing physi- 
cal requirements. 

Obviously, a tabulation cannot rec- 
ognize all possible construction varia- 
tions but must concern itself primarily 
with the general problem of corrosion. 
This must be remembered when eval- 
uating merits of the various materials. 

Materials listed are those commonly 
used in the principal parts of the 
pump, such as casing, impeller, cyl- 
inders, etc. Trim items like sleeves, 
glands, rings, valves, etc, may differ 
to meet some mechanical requirement 
but the material selected should be 
suitable for the environment. 

Because of the many variables, no 
one can say with certainty that some 


one material will best withstand cor- 
rosive attack of a given liquid. So 
more than one type is usually listed 
in the table, left. Order does not in- 
dicate relative superiority — factors 
predominant in one installation may 
be almost nonexistent in another. 

Symbols used in table, left, are A, an 
all-bronze pump, B for bronze-fitted 
pumps, and C for all-iron pumps. Oth- 
er materials, including a large number 
special corrosion-resistant types, are 
listed in table directly above. 

In Standards of Hydraulic Institute, 
par E-19, Data Section, a helpful form 
to aid the pump manufacturer select 
the best materials for a given liquid is 
presented. It is extremely useful to all 
prospective pump purchasers. 

Bronze finds much use in centrifugal 
pumps because it doesn’t rust, is easier 
to machine than iron, can be given a 
smoother finish and theoretically per- 
mits higher efficiencies. But its limita- 
tions may prevent its use. 

Casings are cast iron in bronze- 
fitted and all-iron pumps. For corro- 
sive, high-temperature and high-pres- 
sure jobs, others materials find use. 
Bronze casings are popular for mildly 
corrosive liquids, cast or forged steel 
for higher pressures and temperatures. 
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Efficiency, % 
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CHARACTERISTIC CURVE 
and design show head, 


Unlike positive-displacement pumps (rotary and recipro- 
cating), a centrifugal pump operated at constant speed 
delivers any capacity from zero to a maximum, depending 
on head, design and suction conditions. Characteristic 
curves, above, show interrelation of head, capacity, power 
and efficiency, for a specific impeller and casing. 

It is usual to plot head, power and efficiency against ca- 
pacity at constant speed, as above. But in special cases it is 
possible to plot any three variables against a fourth. 


Drives for centrifugal pumps 


Probably every form of prime mover and power source, 
with some kind of transmission if needed, has been used for 
driving centrifugal pumps. Today, electric motors drive 
most centrifugals. But steam, gas and hydraulic turbines, 
gasoline, gas and diesel engines, are also used. 

Factors affecting drive choice include pump and driver 
rpm, service conditions, pump characteristics, availability 
and cost of power, physical details of the installation. 

Driver speed may be limited to a certain band, as in 
diesel and gas engines. This band may be above or below 
ideal pump speed for job conditions. Where pump runs 
continuously, a speed increaser or decreaser is usually 
warranted. For units used only occasionally, as in standby 
service, a compromise pump design is often chosen, saving 
cost and complication of a speed changer. There may be 
some sacrifice in pump performance, and a higher cost. 

Electric motors for pump drive in the U. S. most often are 
full-voltage-starting ac units, though some dc motors find 
use. Generally, squirrel-cage motors are used, but syn- 
chronous and wound-rotor motors are also applied. 

Recent development in canned and axial-air-gap sealed 
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Centrifugal-pump and system curves | 


20 0 400 500 
Capacity, gom 


“>  SÝSTEM-HEAD curve is valuable tool for studying 
>o agiven installation and hookup of its-equipment. 


Head-capacity curve, labeled H-Q, shows relation be- 
tween capacity and total head, and may be rising, drooping, 
steep or fiat, depending on impeller type and design. At A, 
head is 144 ft, capacity 1200 gpm. At 120-ft head, B, the 
capacity rises to 1680 gpm. 

System-head curve, above, is obtained by combining fric- 
tion-head curve with static head and any pressure differ- 
ences in pumping system. A friction-head curve is a plot 
of the relation between flow and friction in piping, valves 


motors are almost certain to have a major influence in de- 
sign of future small pumps. With some canned motors, p 
101, straight-through flow is obtained, considerably simpli- 
fying piping connections. Axial air-gap motors shrink to 
almost pancake thickness, allowing easy installation and 
care. Both are leakproof, important in many process jobs. 

Canned motors appear to have a bright future in process 
and atomic-energy applications handling water at high 
temperatures and pressures. They also handle liquid metals. 

The electromagnetic pump has no conventional driver. 
Instead, in the Faraday type, a heavy current is made to 
flow through the fluid (liquid metal), current entering the 
pipe wall through a brazed joint. Thus we're at the stage 
where raw energy, applied directly to the liquid, moves it 
from one point to another. In effect, we’ve bypassed one step 
present in pumping from earliest times—conversion of one 
form of energy into another in an impeller, piston, gears, etc. 

Starting torque. Returning to today’s more conventional 
practice, we find that normal-starting-torque motors are 
entirely adequate for starting centrifugals, even with dis- 
charge valve open. Starting torque from rest seldom exceeds 


. -VARIABLE-SPEED head-capacity curves correlate 
| head, rpm, efficiency and the capacity of the pump 


and fittings in suction and discharge lines. Since friction 
head varies roughly as the square of the flow, a plot of it 
is usually parabolic. Static’ head is difference in elevation 
between liquid levels of suction and discharge. 

Superimposing the pump H-Q curve on the system-head 
curve gives point A, the head and capacity at which the 
pump operates in that particular piping system. 

Where a pump runs at more than one speed, a plot like 
that above shows complete performance for a given suction 
lift. To obtain this chart, H-Q curves are drawn for the 
speeds being considered. Then curves of points having the 
same efficiency are superimposed. These constant-efficiency 
curves, also called 1soefficiency and oak-leaf curves, permit 


15-20% of normal operating torque. It is usually highest 
in a sleeve-bearing pump that has been idle for some time. 

Overloading an electric motor is possible if pump horse- 
power increases with a change in capacity. But with a steam 
turbine, overloading is impossible because with a fixed 
throttle position, turbine speed is always a value such that 
pump torque equals turbine torque. 

Internal-combustion engines may be rated for continuous 
load at rated speed, or for load at wide-open throttle, or 
for both. Most engines rated on continuous load will carry 
an overload. In any case, pump characteristics should be 
carefully studied before the driving engine is selected. 

Variable-speed operation of centrifugals offers many ad- 
vantages where varying capacity, head. or both, is needed. 
Since pump operating condition is fixed by crossing of its 
H-Q curve with system-head curve, above, only way to 
alter operating condition of a constant-speed unit is to 
change system head by throttling. On many jobs it is more 
practical and economical to vary pump speed. 

An economic study is usually needed to decide between 
variable and constant speed for given service. Power sav- 
ing of variable speed may be more than offset by higher 
cost to be written off over unit’s life. In boiler-feed service, 
allow for useful heat from power losses of throttling. 


O 120 i60 200 Z240 280 : 
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PUMP CHARACTERISTICS when impeller diameter is 
varied within same casing find much practical use Cs 


finding the required speed and the efficiency for any head- 
capacity condition. f Pi 

Impeller diameter. Our first set of characteristic curves, 
extreme left, show performance for a specific impeller di- 
ameter, usually the maximum diameter. But impellers of 
more than one diameter can usually be fitted in a given 
casing. Curves above show performance of a given pump 
with impellers of various diameters. Heavy line encloses 
area of practical application of this particular design. Note 
how reduction in impeller diameter produces an effect sim- 
ilar to reduction in pump shaft speed in the previous curves. 
Tabulations of pump performance are made up by picking 
certain points from characteristic curves like those above. 


Motors, by far the mo: 
common drive today, ars 
Well suited to almost all 
Industrial pumping jobs 


Steam turbines offer 
ple speed variation, can 
_ sometimes be used to im- 
Prove plant heat balance _ 


internal - combustion en- = 
gine drive is peartcular- 
ty popular for isolated 

service, also temporary 
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Rotary pumps 


Rotary pumps, usually positive-dis- 
placement units, consist of a fixed cas- 
ing containing gears, vanes, pistons, 
cams, segments, screws, etc, operating 
with minimum clearance. Instead of 
“throwing” liquid as in a centrifugal, 
rotaries trap it, pushing it around the 
closed casing, much like reciprocating 
pumps. But unlike a piston pump, a 
rotary discharges a smooth flow. 

Fifteen designs, Jeft, illustrate a few 
of the devices chosen to move fluids 
from one point to another. Often 
thought of as viscous-liquid pumps, 
rotaries are by no means confined to 
this service alone. They’ll handle any 
liquids from A to Z, if free of hard 
solids. And hard solids can be handled 
if steam jacketing will melt them. As 
with centrifugals, materials and drives 
vary with job, liquid, etc. 

Cam-and-piston pumps, also called 
rotary-plunger type, consist of an ec- 
centric with a slotted arm at its top. 
Shaft rotation causes eccentric to trap 
liquid in casing, discharges it through 
slot to outlet. 

External-gear pumps are the sim- 
plest rotary type. Liquid first fills the 
spaces between gear teeth as they sepa- 
rate on suction side, is then carried 
around and squeezed out as the teeth 
mesh. Gears may have spur, single- 
or double-helical teeth. Some designs 
have drilled idler to cut internal thrust. 


internal-gear pumps have one rotor 
with internally cut teeth meshing with 
an externally cut gear idler. Crescent- 
shaped partition, to prevent liquid 
from passing back to suction side, may 
or may not be used. 

Lobular pumps resemble the gear- 
type in action, have two or more rotors 
cut with two, three, four or more lobes 
on each rotor, synchronized for posi- 
tive rotation by external gears. 

Single-screw pumps have a spiraled 
rotor turning eccentrically in an inter- 
nal-helix stator or finer. Rotor is metal 
while helix is hard or soft rubber. 

Two- and three-screw pumps have 
one or two idlers, respectively. Flow is 
between the screw threads along the 
axis of the screws. Opposed screws may 
be used to eliminate end thrust. 

Swinging-vane pumps have a series 
of hinged vanes which swing out as the 
rotor turns, trapping liquid and forcing 
it out the discharge pipe. 

Sliding-vane pumps use vanes that 
are thrown against casing bore when 
rotor turns. Liquid trapped between 
two vanes is carried around and forced 
out the discharge. 

Shuttle-block pump has a cylin- 
drical rotor turning in a concentric 
casing. In the rotor is a shuttle block 
and piston reciprocated by an eccen- 
trically located idler pin, producing 
suction and discharge. 


Universal-joint pump has a stub 
shaft in free end of rotor supported 
in a bearing at about 30 deg with the 
horizontal. Opposite end of rotor is 
fixed to drive shaft. When rotor re- 
volves, four sets of flat surfaces open 
and close for a pumping action of four 
discharges per revolution. 

Eccentric in flexible chamber pro- 
duces pumping action by squeezing the 
flexible member against pump housing 
to force liquid out discharge. 

Flexible-tube pump has a rubber 
tube squeezed by a compression ring 
on an adjustable eccentric. Pumps of 
this design are built single- and 2-stage. 

Characteristic curves, above left, for 
a typical rotary gear pump show the 
flat H-Q relation obtainable. Displace- 
ment of a rotary varies directly as 
speed, except as capacity may be af- 
fected by viscosity and other factors. 
Thick liquids may limit pump capac- 
ity at higher speeds because they can’t 
flow into casing fast enough. 

Slip or loss in capacity through 
clearances between the casing and ro- 
tating element, assuming a constant 
viscosity, varies as pressure increases. 
For example, in above curves, capacity 
at 0 discharge pressure is 108 gpm. 
But at 300 psi and same speed, capac- 
ity is 92 gpm. Difference is slip. 

Power input to a rotary increases 
with liquid viscosity; efficiency de- 
creases. This is true, of course, with 
other classes of pumps. But since ro- 
taries find wide use for viscous liquids, 
it is wise to use the chart, above right, 
for sizing suction lines to prevent ex- 
cessive friction loss. 
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SINGLE-ACTING vertical-type power pump 
has pinion shaft for driving crankshaft 


INVERTED triplex vertical-plunger power 
pump for high-pressure job applications 


ROTARY-PLUNGER single-acting pump unit 
has five or seven plungers in a circle 
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DIRECT-ACTING horizontal duplex piston pump. Steam end is at left, liquid end is at 
right. Piston-rod motion shifts steam valve for admission and exhaust of the steam 


QUADRUPLEX horizontal-plunger power pump for high pressures is motor driven through 


pinion and gear. Each Scotch yoke drives two pilungers. Pump valves are the ball type 


Reciprocating pumps 


The 13 pumps on these two pages are 
but a few of the many reciprocating 
types in regular use today. But you 
will find shown here most of the major 
designs. 

Reciprocating pumps, unlike cen- 
trifugals, p 80, are more often classed 
according to type, rather than use. 
Perhaps this is because their ultimate 
use is less clearly defined than for 
centrifugal pumps. While certain ap- 
plications for this type, like fuel-oil 
pumping, are declining, others, like 
boiler and chemical feeding, are rising. 

Biggest recent developments are in 
non-geared higher speed power pumps 


— both large and small units. Adjusta- 
ble displacement pumps, also called 
metering and proportioning or con- 
trolled-volume, are being improved 
every year to give wider capacity 
ranges, greater accuracy, easier control. 

Power pumps, always of importance 
in the marine field for boiler feed are 
finding some new berths in stationary 
plants for the same service where loads 
justify them. And if pressures in super- 
pressure plants rise, it is likely that 
power-type reciprocating pumps will 
be used for boiler feed. Of course, 
much depends on new developments in 
the design of centrifugal pumps. 


CONTROLLED-VOLUME plunger pump has screw adjustment of | METERING and proportioning plunger pump has lost-motion type 
stroke length. Change of crankpin position alters capacity of pump of coupling for adjusting stroke length and capacity of pump 


Ml riser 


PISTON-DIAPHRAGM unit for controlled-volume pumping has DUPLEX plunger-type feeder pump has micrometer adjustment 
oil for actuation of diaphragm which pumps the liquid handled of stroke length by means of variation of the crankpin position 


DIAPHRAGM pump with ball suction and discharge valves is built DUPLEX STEAM slush pump has divided-cylinder pot-type liquid 
with stationary or movable base, is motor driven through beam end with suction manifold at the bottom of the liquid cylinder 


HORIZONTAL SIMPLEX power pump is driven by pinion geared HORIZONTAL DUPLEX outside-end-packed pot-valve-type plunger 
to crankshaft, has disk-type suction, discharge valves, air dome pump: the plungers shown are attached together by the tie rods 
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RECIPROCATING PUMPS continued 


Flat or ‘D’ slide valves find use for 
steam pressures of 200 psi and less 
Balanced piston valves are common 
in large high-pressure pumps. 

Flat valve, A, is thrown by auxiliary 
piston. Motion is regular and positive. 
Balanced-piston valve, B, runs in 
sleeve, has minimum friction, long life. 
C is another balanced-piston valve. 

Typical steam-valve linkage, D, con- 
nects to rod. Steam-end design of ver- 
tical pumps resembles those shown. 


Reciprocating-pump liquid ends are built in a large number of designs 
for various liquids, service conditions and pressures. Shown above are 
a few typical arrangements for modern pumps. 

Direct-acting steam pump, A, often has valve-plate liquid end with 
removable discharge-valve decks. Cup-type packing for liquid piston 
is also shown. Valve-pot type, B, has valve chambers closed by indi- 
vidual covers. Outside-packed plunger pump, C, has its valves in pots~ 
all packing leakage is external where it can be seen. 

Vertical power pump, D, has plunger packing gt cylinder top, while 
horizontal triplex pump, E, has it in the usual location with valves 
above and below plunger. At F, valves are in step arrangement. An- 
other design for a vertical triplex pump appears at G. Liquid-end design 
is a function of pressure developed, liquid handled, capacity, etc. 


Packing is any material used to con- 
trol leakage between a moving and 
stationary part in a pump. Flexible, 
and usually soft, it is expendable. 

Simple piston-rod stuffing box, A, 
has several rings of square packing. 
On small rods a single nut surrounds 
gland, instead of studs shown. Chevron 
packing, B, is often used. Sketch shows 
plunger of high-pressure pump. C is 
a jacketed stuffing box. 

Piston packing takes many forms. 
Duck-packed piston, D, is for bronze- 
fitted general-service pump. Cup pack- 
ing, E, is standard for oil pumps. Solid 
rubber rings, F, are also popular. 
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As a general rule, stem-guided disk valves are used for low-pressure 
jobs, wing-guided (flat- or bevel-faced) for moderate pressures, and 
bevel-faced wing for high pressures. But much depends on liquid, etc. 

Flat disk, A, has inclined ribs in seat to direct liquid so it rotates disk 
slightly at each stroke. Ball valve, B, often finds use where free open- 
ing for thick liquid is desired. Cage guides ball during its rise and fall. 
Seat is circular and completely open. Wing-guided valve, C, for thick 
gritty liquids, can be fitted with renewable rubber inserts for wings. 
Another design, D, for high-pressure clear liquids, has renewable seats. 

Low-pressure valve, E, and high-pressure valve, F, for thick liquids 
are alloy-steel with synthetic inserts for all ordinary services. Special 
materials are used where corrosive liquids are to be handled. Double- 
ported ring-type valves, G, p 92, are popular in large power pumps. 
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Suction and discharge cushion cham- 
bers smooth liquid flow. Discharge 
chamber, A, is often built as part of 
pump while suction chamber may be 
part of pump or in adjacent piping. 
Pressure alleviators, B and C, find 
use with high-pressure power pumps 
to absorb shock from sudden stopping 
of liquid. They usually consist of a 
spring-loaded plunger operating in a 
stuffingbox. Liquid does not escape 
from piping system during surges. 


There seems no end to devices for 
varying capacity of small reciprocat- 
ing pumps. A few appear on pp 90-91. 
For large power pumps, however, not 
sO many variations exist perhaps be- 
cause of the lesser number of designs. 
Suction-valve unloader, A, gives a 
quick but gradual reduction in liquid 
delivery from full to zero flow in not 
more than one-half revolution of 
pump. It increases liquid delivery in 
same way, is pneumatically actuated. 
Stroke-transformer, B, can automa- 
tically or manually vary plunger mo- 
tion from zero to maximum stroke. 
Output is infinitely controllable. 
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Speed correction factors 


Liquid viscosity, ssu 250 500 1000 2000 3000 4000 5000 
Speed reduction, % 0 4 11 20 26 30 35 
Liquid temperature, F 70 80 100 125 150 200 250 
Speed reduction, % 0 9 18 25 29 34 38 


Approximate efficiencies — direct-acting pumps 


Stroke, in. 5 8 10 20 30 40 50 
Crank-and-flywhee! pump 87 88 90 92 
Piston pump 60 70 74 84 86 88 90 


High-pressure pump 55 64 67 76 78 80 81 


Approximate efficiencies — power pumps 


Water hp 3 5 10 20 30 50 75 100 200 
Efficiency, % 55 65 72 77 80 83 85 86 88 


Suction lift 


Recommended total suction lift is 22 ft for slow-speed recip- 
rocating pumps handling cold water at sea level. High-speed 
pumps usually aren’t capable of lifts that high. Curves, 
left, show effect of altitude and temperature on lift of a 
6x4x6-in. valve-plate-design duplex direct-acting pump. 

Maximum theoretical suction lift of a pump is 34 ft. of 
cold water at sea level. Difference between this and the 
practical lift represents losses in valves, pipe friction, vel- 
ocity head and various entrances in the system. 

Other factors affecting practical lift include pump type, 
and design of suction valves, pistons, plungers, suction pas- 
sages, liquid vapor pressure. So limits shown in curves 
should be taken only as illustrative of one particular design. 


Capacity and speed 


Reciprocating pumps don’t suck in liquids; they reduce 
pressure in the suction chamber and external pressure, 
usually atmospheric, pushes liquid into the pump. For any 
pump with a given size <\ction line, capacity or maximum 
speed is fixed by existing net positive suction head (npsh). 

As speed of a reciprocating pump rises, so does its capac- 
ity, provided nothing interferes with flow into and out of 
pump. Curves, left, show basic speeds*for direct-acting and 
power pumps. For former, speed is expressed in feet per min- 
ute piston motion; for latter, either as piston speed or rpm. 

Viscosity and temperature of liquid pumped also influ- 
ence maximum pump speed and capacity. Thus, as vis- 
cosity of liquid changes .from 250 to 5000 ssu (table at 
left) pump speed falls from rated to about 65% of rated. 
As temperature rises from 70 to 250 F. we have a similar 
speed decrease to 62% of rated. 

Semi-solids, like acid sludge, molasses and syrup, are 
handled in reciprocating pumps designed to run without a 
suction valve. Either ball or disk discharge valves are used. 

When considering a given pump, check with its maker to 
determine exact effects of viscosity, npsh, temperature and 
design on capacity. Generalizations, while helpful guides, 
must not be used too freely. Table, lett, summarizes speed 
correction factors for viscosity and temperature recom- 
mended by Hydrau.ic Institute. To use, simply multiply 
rated speed by percentage reduction, expressed as a decimal. 


Efficiency 


As with any machine, efficiency of a reciprocating pump 
varies with size, design, application, etc. Though it is risky 
to generalize about pump efficiencies, tables, left, summar- 
ize typical ranges for direct-acting and power pumps. 

Leakage past pistons, stuffing boxes and valves, expressed 
in percentage of liquid - piston displacement is slip, and 
equals 1— volumetric efficiency, expressed as a decimal. 
Slip in new pumps is about 2%; in some low-head designs 
it may be as low as 0.5%. Where inertia of liquid column 
is high slip may be negative. 

Efficiency given in the tables is sometimes referred to as 
gross efficiency for direct-acting pumps, and is the ratio of 
pump output in water or liquid horsepower to the power 
input. Latter is indicated horsepower of a direct - acting 
steam pump or brake horsepower of a power pump. 

While pump efficiency is always of interest, its relative 
importance depends much on pump capacity, service, etc. 


Liquid-end characteristics 


Discharge of centrifugals and most rotaries is steady. But 
with reciprocating pumps it pulsates, character depending 
on pump type and whether or not it has a cushion chamber. 

Simplex direct-acting steam pumps at normal speed have 
a discharge curve like that at right. The flow is steady until 
end of stroke, where piston stops and reverses. Without an 
air cushion, flow theoretically ceases when the piston stops. 
But cushion prevents this, giving loops shown. 

Duplex direct-acting pump, right, has discharge of one 
cylinder displaced half a stroke from that of other. The two 
add together to give solid line with twice as many valleys 
as simplex, but low points are never below those of simplex. 


Power-pump discharge curves, right, take form of sine waves 
because pistons or plungers are crank - driven. Discharge 
flow doesn’t change as abruptly as with direct-acting pumps. 

Simplex double-acting power pump for which curve is 
plotted has maximum flow rate 60% above average; mini- 
mum below average is 100%. This means that at a point 
during each pumping cycle, flow from pump is zero. But 
flow from the discharge line may be nearly constant, de- 
pending on job; physital conditions and piping layout. 

Duplex double-acting power pump gives us the second 
curve shown, right. Here maximum flow rate is 26.7% above 
average; minimum is 21.6% below average. Thus, we al- 
ways have flow in discharge pipe while pump is running. 

Triplex single-acting pump further smooths discharge 
curve, as shown. Maximum flow rate above average here 
is 6.64%; minimum below is 18.40%. With any reciprocating 
pump, difference between maximum discharge and average 
quantity is stored in cushion chamber until discharge drops 
below average. 

Quintuplex and septuplex power pumps smooth the dis- 
charge curve even more, to give practically constant dis- 
charge-line flow. Ultimate test of discharge-curve suita- 
bility is the job itself. Large pulsations may be of minor 
importance in one installation. yet in another they may be 
the major consideration. 


Variable-capacity pumps resemble, to a certain extent, their 
bigger brothers when it comes to the discharge curve. But 
the fact that capacity can be changed as desired alters the 
appearance of the curves somewhat. 

Simplex single-acting pump has pulsating flow shown at 
right, with no discharge during suction. When the capacity 
is decreased, the sine-type curve becomes flatter, as shown. 
Duplex single-acting designs deliver twice as much liquid, 
and have discharge curves similar to simplex units. But 
when one piston stops delivering liquid. the other starts, if 
pistons are 180 deg apart, as shown at right. So we have no 
lengthy periods of zero flow from the pump. 

Where constant delivery is desired without pulsation, 
a discharge curve like that at bottom right can be obtained 
by using a special design for this service. Note here how 
the curve is flat throughout, whether the pump runs at full 
stroke, half, or less. 

Once again it is important to remember that the dis- 
charge curve of a reciprocating pump is not a measure of 
its efficiency, but simply a graphical representation of what 
is happening in the pump discharge. The final measure of 
the importance of the curve shape is the job requirements. 
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High-pressure boiler feed 


The modern double-case barrel-type centrifugal pump is today’s answer for 
pressures approaching 6000 psi and temperatures to 1000 F. In the common 
2600-psi range, units of this type run at about 3600 rpm, have up to 12 stages. 
The first superpressure plant uses two pumps of this type in series, with 
heaters between. Note how vertically split inner assemblv is housed in casing. 


Medium- and high-pressure boiler feed 


Horizontal split-case diffuser-type pumps with about six stages are common 
for 3600-rpm duty at pressures to 1600 psi. Some thinking today sees these 
units applied up to 2500 psi. but that is in the future. Design shown is 6-stage 
with back-to-back impellers in groups of two for better hydraulic balance. A 
big advantage of this type of pump is easy removal of top for maintenance. 


Pump applications 


Any attempt to list every possible application of pumps is 
almost certain to run aground because editors, being human, 
might overlook important jobs like pumping goldfish, ap- 
ples, oranges, eggs and beer. 

So these two pages, and the following four, give a nec- 
essarily selective cross section of pump classes and types 
on the job. There lies the ultimate goal of pump designers 
and builders—a product that performs a given service at 
the best over-all cost with minimum operating and main- 
tenance needs. To secure these results the pump must be 
suited to the job, installed correctly, operated and main- 
tained as the builder recommends. For now, let’s take a 
quick look at application. 

Pump class, type, drive and materials are among the 
major factors in unit selection. While generalizations are 
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often dangerous, studies of a large number of modern 
installations show that industrial and service establishments 
throughout the U.S. use centrifugals for about 60% of 
their jobs, reciprocating for about 22%, rotary for about 
12% and deepwell for about 6%. About 86% of the cen- 
trifugals have motor-drive, 44% of reciprocating, 96% of 
rotary and 95% of deepwell. Steam engines, turbines and 
internal-combustion engines drive about 13% of the cen- 
trifugals. Steam is outstanding for reciprocating units, 
driving almost half of those in use. 

While these statistics are helpful from an over-all view- 
point, they serve merely as a guide to what industry is 
doing today. For help with a specific installation, the text 
and illustrations on these six pages will lead you through 
the maze of classes and types toward a sound answer. 


Power reciprocating for boiler feed 


At pressures over about 250 psi where load is variable, power reciprocating 
pumps find application. They are also used for desuperheater feed in this 
pressure range. Vertical quintuplex units like that above are popular in feed 
service because they are easy to control automatically in stepless straight-line 
fashion from 0 to 100% of rated capacity. Use is now on the upswing. 


Low-pressure boiler feed 


Direct-acting pumps, with or without receiver, find use in smaller low-pressure 
boiler installations. Simple. rugged and economical, they give outstanding 
service. Though not always classed as feed pumps, centrifugal condensation 
sets, right, are extremely popular in heating and similar installations. Com- 
pact and efficient, they handle wide temperature, pressure, capacity ranges. 


Fuel oil 


Screw and gear pumps are the modern units for fuel-oil pumping but direct- 
acting steam pumps still do the job in some plants. Screw pump shown 
handles up to 80 gpm at continuous pressures of 275 psig, intermittent to 325 
psig. Pumps of this type find many other uses besides fuel-oil pumping, 
including lubrication, booster, circulating, governing and elevator jobs. 
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PUMP APPLICATIONS continued 


Heater drains, condensate 


Handling condensate from hotwells, heater drains and other sources may 
impose severe operating conditions on a pump. In condenser service, suction 
head is low, liquid is near the boiling point, suction seal is a minimum and 
load changes wide. Usual centrifugal condensate pumps have one to four 
stages, special sealing and balancing features. Unit shown is single-stage. 


Cooling water 


Whether tremendous, like the 55,000-gpm unit at left, or tiny as those on a 
small air conditioner, cooling-water pumps have some common traits. They 
are usually single-stage, standard-fitted, split-case. In the larger capacities 
they are often horizontal units, though many vertical designs are also used, 
both large and small. Their duty is seldom severe; operation is trouble-free. 


Handling ash, abrasive solids 


In contrast to cooling-water service, handling abrasive solids of any kind 
imposes many special problems on a pump. Rubber-lined units with special 
seals, as shown, are one good answer for ashes, sand, etc. Other designs 
include packingless types, flat-blade impellers and special arrangements for 
suction inlet. While the pump is important, so are other system details. 


General purpose 


This term applies to all classes of pumps, but centrifugal designs in this 
category perhaps outnumber all others. Usual meaning of term is a pump 
to handle clear cool liquids at ambient or moderate temperatures. Often 
single-stage, these units may be split-case, and are standard-fitted pumps 
equally good for a number of services. Some handle liquids with solids. 


General process work 


In recent years engineers have developed special process-pump designs fea- 
turing accessibility, good efficiency and long life. Some designs are available 
as part of a standard line whereas others are made up to suit the particular 
service conditions for a specific job. As these illustrations show, ease of 
maintenance is a prime consideration: complete disassembly is simple. 


Chemical process 


Outwardly resembling the general process pump, units designed for chemical 
service may differ markedly in materials, stuffing boxes, seals. etc. Usual aim 
is to produce a single pump line that comes as close as possible to being able 
to serve all process needs in the chemical industry. Usual units are horizontal. 
with radially split casings. They can handle a wide range of chemical liquids. 
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PUMP APPLICATIONS continued 


Chemical feed 


Requiring easy adjustment of capacity, chemical-feed pumps are built in a 
large number of different designs. Unit shown has its reciprocating pumping 
elements arranged for accessibility. Suction and discharge valves are ball 


type. 


Well-water supply 


Water, like gold, is where you find it. Often this is deep in the earth. So we 
find many designs for this service. Deepwell pump, A, often called a turbine 
pump, is a multi-stage diffuser unit. Jet pumps, B, bypass a portion of their 
discharge to an ejector nozzle at the suction screen where it helps improve 
flow into pump. Submersible, C, has motor in well. D is plunger pump. 
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Sewage and sump 


Centrifugal pumps for sewage usually have special non-clogging impellers 
and a casing that is easily opened for unit inspection, above right. Sump 
pumps, left and extreme right, may be portable or permanent, depending on 
needs of the installation. Impeller is almost always the non-clogging type to 
prevent solids from catching in it. Automatic control is practically universal. 


New and special services 


Developed in '30s for hot-water circulation, and later refined for chemical 
and nuclear-power jobs. canned pumps are now strongly bidding for industrial 
jobs where leak-free service and minimum maintenance are essential. Unit A 
is fractional hp, goes right in pipe. B has axial air-gap motor, is built in 
10-hp and smaller sizes. C is chemical unit, D one for nuclear-energy service. 


High-pressure services 


Where quick starts, compact installation and steam drive are desirable, as 
in certain boiler-feed applications, petroleum refining, etc, the high-pressure 
turbine-driven type shown above has many uses. It consists of a single-stage 
impeller near one end of the shaft; at the other end is a velocity-staged turbine 
wheel. Single shaft produces a compact unit easy to install and operate. 
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Typical piping hookups for pumps serving industrial loads 
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Pump selection... 5 steps to 


Selecting a pump is much like buying a hat—you have three 
major decisions to make. These are size, type and best buy. 
But of course choosing a pump can be a far more complex 
problem, especially where unusual or difficult liquid con- 
ditions are met. Steps outlined below have proven suitable 
for typical general-purpose, process and similar applications. 
Selection of other types —boiler-feed, condensate-return, 
hydraulic-system, etc. — usually involves analysis of factors 
not directly related to the pump itself. For example, you 
might have to compute several plant heat balances before 
you can make a firm decision on boiler-feed pump type, 
capacity, drive, etc., best for the existing conditions. Some 
of these factors were discussed earlier; others are too com- 
plex for coverage here. 


1 Sketch layout (see diagrams above) 


Trying to pick a pump without a sketch of the system layout 
is like a miner trying to work without his lamp. You're in 
the dark from start to finish. Base sketch on actual job, 
as planned. Show all piping, fittings, valves, equipment, 
etc. Mark length of pipe runs of sketch. Be sure to include 
all vertical lifts. Where piping is complex, an isometric 
sketch is often extremely helpful. 


2 Determine capacity (see Table 1) 


Job conditions fix capacity required. For example, maximum 
steam flow from the exhaust of a turbine, along with steam 
conditions, determines the minimum amount of cooling 
water at a given temperature. Seasonal changes, safety 
factor desired, etc., influence actual capacity chosen. Where 
demand is unknown and must be estimated, Table I is a big 
help in indicating typical ranges to be expected. It does 
not, however, give exact values because there can be wide 
variations from one installation to another. Except for 
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small pumps and those for metering and proportioning, 
capacity is expressed in gallons per minute (gpm). 


3 Figure total head (see Tables 1, Ill) 


Diagrams above show various heads in typical pumping 
systems. Definitions, facing page, will help you understand 
the meanings of various terms. If a pump handles 500 gpm 
of water through 86 ft of 6-in. suction pipe, diagram above 
right, and there is one medium-radius elbow having a 
resistance equal to 14 ft of straight pipe, total equivalent 
length of suction pipe is 86 + 14—100 ft. Friction loss from 
Table II is 1.7 ft of water per 100 ft of pipe. Velocity head is 
almost 0.5 ft and static suction lift is 8 ft. Hence, suction 
lift is 8 + 1.7 + 0.5 = 10.2 ft. Discharge head is found 
in a similar way, using discharge pipe size, length of runs 
and fittings in the line. Total head is the sum of suction 
lift and discharge head. Where we have a static suction 
head, as in the second hookup from the left, we subtract 
suction head from discharge head to obtain the total head. 
Always have pump manufacturer check your head calcu- 
lations. Then you'll be certain the pump is suitable. 


4 Study liquid conditions 


Up to this point we’ve determined but two requirements 
our pump must meet — head and capacity. Now we come 
to characteristics of the liquid and their effect on pump 
selection. Liquid heavier than water (specific gravity 
greater than 1) takes more horsepower to be moved from 
one point to another; lighter liquids require less power. 
Liquid temperature and vapor pressure fix the net positive 
suction head needed for satisfactory operation. Unless you 
are thoroughly experienced with this phase of pump selec- 
tion, it is best to have the manufacturer check suction condi- 
tions. Viscosity of liquid affects horsepower, head and 


DEFINITIONS I: 


TYPICAL WATER REQUIREMENTS 


STATIC SUCTION LIFT is verticat distance, ft, er of t 
from supply level to pump centerline; pump above Usual buildings* Cities and towns : 
supply. ] 
STATIC SUCTION HEAD: some os static suction Fixture Cold, gpm Hot, gpm Population Total**, gpm iq 
i i E 
lif, but pume ts below supply level: Woter-closet flush valve 45 o 1000 800 | 
STATIC DISCHARGE HEAD is vertica! distance, ft, Water-closet flush tank 10 0 2000 1200 L 
from pump centerline to point of free delivery. Urinals, flush valve 30 0 3000 1500 ; 
TOTAL STATIC HEAD is vertical distance, ft, from Urinals, flush tank 10 0 4000 1700 a 
supply level to discharge level. Lavatories 3 3 5000 2000 4 
FRICTION HEAD is pressure, in ft of liquid, Shower, 4-in, head 3 3 6000 2200 : 
needed to overcome resistance of pipe, fittings. Shower, 6-in. ond larger 6 6 8000 2700 | 
SUCTION LIFT is stotic suction head pius suction Needle bath 30 0 9000 2900 l 
friction head ond velocity head Shampoo spray 1 1 10,000 3100 
SUCTION HEAD is static suction heod minus suc- Baths, iub: 5 5 20,000 5100 7 
tion friction heod and velocity head. Kitchen sink 4 4 40,000 9700 i 
DISCHARGE HEAD is static discharge head plus Pantry sink, ordinary 2 q phe ce : 
discharge friction head and velocity head. Pantry sink, large bibb 6 00 ‘ 
TOTAL HEAD i i y uf ddischarge Slop sinks é å 100,000 19,000 
is sum of suction lift ond discharg 
head, Where there is suction head, total head is Wash trays 3 3 130009, 28,000 
difference between discharge and suction heads. Laundry tray 6 ó 180,000 33,000 
Garden-hose bibb 10 0 200,000 37,000 


NOTE: Some engineers use dynamic suction lift, 
dynamic discharge head ard total dynamic head 
instead of terms above, While the word dynamic 
helps express idea of motion, ie, head when 
liquid is flowing, the simp'er terms cre favored, 


obtain 


*Approximate maximum f 
maximum probable 
maximum possible flow by a usage factor 
based on previous experience, 


flow, 


low from fixtures: to 
multiply 


**Total 


and fire protection. 


Where 


includes water for damestic supply 


city or town is 


predominantly industrial, a greater flow will 


probably be 


required, 


PIPE FRICTION LOSS FOR WATER 


(Wrought-iron or steel Schedule 40 pipe in good condition) 


Friction loss, 


Dia, Flow, Velocity, Velocity head, ft of water 
in. gpm ft per sec ftof water per 100 ft pipe F 
2 50 4.78 $F 0.355 4.67 i 
etter results o g AS o 
2 150 14.3 3.20 38.0 i 
2 200 19.1 5.68 66.3 
2 300 28.7 12.8 146 
4 200 5.04 0.395 2.27 
4 300 7.56 0.888 4.89 
4 500 12.6 2.47 13.0 
capacity, as well as class of pump chosen. Here, again, your 4 1000 25.2 9.87 50.2 
: ae : 4 2000 50.4 39.5 196 mi 
best bet is the manufacturer. Liquid pH influences pump bal 
materials, p 85, while solids affect mechanical construction. ó 200 2.22 0.0767 0.299 i 
6 500 5.55 0.479 1.66 iid 
6 1000 11.1 1.92 6.17 i 
6 2000 22.2 7.67 23.8 S 
5 Choose class and type 6 4000 44.4 30.7 93.1 i 
A : : ; 8 500 3.21 0.160 0.424 aa 
Studying the layout. like trying on a hat, tells us what size 8 1000 641 0.639 1.56 
(capacity and head) pump we need. This furnishes our first 8 2000 12.8 2.56 A : 
; : 8 4000 25.7 10.2 6 i 
lead as to what class of pump is suitable. For example, a 3000 $1.3 40.9 88.6 j 
where high-head small-capacity service is required, table 
77. sh h Bees : ld babl 10 1000 3.93 0.240 0.497 ] 
p 77, shows t at a reciprocating pump would probably be 10 3000 118 216 4.00 
suitable. Reviewing the liquid characteristics furnishes 10 5000 19.6 5.99 ie i 
hea ; : ve 10 7500 29.5 13.5 .0 
another clue to class because exceptionally severe conditions 10 10,000 39.3 24.0 2 i 
may rule out one or another right at the start. Sound eco- E 
; ; : : , 12 2000 5.73 0.511 0.776 i 
nomics dictates choosing the pump that provides the lowest 12 5000 143 3.19 4.47 | 
cost per gallon pumped over the useful life of the unit. 12 10,000 28.7 12.8 17.4 3 
A : oa ‘gt i $ 
Operating factors deserving recognition when deciding on i Sa bes 5 ried roel i 
class include type of service (continuous or intermittent), ' i 


running-speed preferences (high-speed pumps often cost 
less), future load expected anc its effect on pump head, pos- 
sibility of parallel or series hookup, and many others 
peculiar to a given job. These actors deserve as much study 
as head and capacity: they're ‘ust as important. 

Once you know class and type you're ready to check these 


RESISTANCE OF FITTINGS AND VALVES 


(Length of straight pipe, ft, giving equivalent resistance) 
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in a rating table, p 104, or a rating chart as on p 87. As you Pipe Std Med- Long- 45- Tee Gate Globe Swing 
can see, the table lists pump capacity. head, horsepower, size, ell rad rad deg valve, valve, check, 
etc. Where required capacity and head. or both, falls between in. ell ell ell open open open 
two tabulated values, it is usual practice to choose a pump 1 27 23 17 13 58 0.6 27 6.7 
. EOE Pa 2 55 46 35 25 11.0 1.2 5713 
to meet the next larger condition where this is not too far 3 ad ss a 38 170 E asa d 
from the existing job conditions. Otherwise, another make or 4 11.0 9.1 7.0 5.0 22 2.3 110 27 
type of pump may have to be used. 5 140 12.0 89 61 27 2.9 140 33 
One important fact to keep in mind is that many large 6 160 140 1.0 7.7 33 3.5 160 40 
: : eae 8 n 18.0 14.0 10.0 43 4.5 220 53 
pumps are custom-built for a given plant or application. io: c28 22 170 130 5 37 290 8&7 i 
Under these conditions the pump manufacturer performs 12 32 26 20.0 15.0 66 6.7 340 80 ‘ 
most of the steps listed above, basing his design on infor- Var 3E, ail ag NEO 28 Roco S200) 92 i 
mation supplied by the engineer on the job. 16 42 35 27 19.0 87 9.0 430 107 : 
18 46 40 30 21-100 10.2 500 120 : 
20 52 43 34 23 110 12.0 560 134 i 
24 63 53 40 28 140 14.0 680 160 
3 %4 79 60 43 200 1000 240 
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Typical centrifugal-pump rating table 


Total head, ft 


Size Gpm 10 20 


100 1000-.8 „0 14150-3.2 
2¢ 4150 1070-1,2 -1, 1240-1.7 
200 . 1360-2.4 


150 750-.53 950-1 2 1100-3.5 
200 1010-1.4 7 1170-2 

250 1170-1.9 1190-2.3  1260-2.6 
300 1400-3.5 


200 800-.95 910-1.3 1010-1.6 1110-2,05 
950-1.6 1000-1.9 1100-2.4 1170-2.8 
400 1200-3.) 1230-3.7 1290-4.) 
1490-5.8 


940-2.4 1040-3 1120-3,7 
1080-4 1170-4.6 1210-5.5 
1400-8.4 


707-.03 778-.40 845-,51 
760-.49 865-.63 900-.76 
856-.78 916-.94 980-1.1 


850-1.1 930-1.35 990-1.6 


20L 970-1.8 1040-2.1 1080-2.3 


Example: 1080-4 indicates pump speed is 1080 rpm; 
actual input required to operate pump is 4 hp. 
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Other considerations in 


Our previous two pages outline usual steps in choosing a 
pump for typical industrial services. There are cases, how- 
ever, where selection is better made by the pump builder. 

Estimating data sheets, above right, are available from 
manufacturers to aid you in making a complete statement 
of conditions a new pump must meet. When sending such 
an estimate to a manufacturer it is wise to include a clear 
free-hand sketch of the installation. 

While the sheet shown is for a centrifugal pump, forms 
for reciprocating and rotary estimates resemble this closely. 
Having the manufacturer select your pump insures getting 
the right unit, provided you supply the information he needs. 

Net positive suction head is often listed on estimate sheets 
and must be entered to give a complete picture of pumping 
conditions. This term gives pressure available or required to 
force a given flow, gpm, into the impeller, cylinder or casing 
of a pump. For uniformity, npsh is stated as feet of liquid 
equivalent to required pressure in psi over and above vapor 
pressure of liquid at pumping temperature. 

Every pump has its individual required npsh character- 
istics which the manufacturer can plot on a performance 
curve. Npsh at any point on the curve is head in feet of 
liquid pumped equivalent to pressure in psi required to 
force liquid into the pump. Values shown by pump manu- 
fdcturer are based on tests and are regularly corrected to 
the centerline of the pump. 

As engineer in charge of plant services you must locate 
the pump and design the suction piping so available npsh 
is equal to or greater than npsh required by pump. Curves, 
right, give vapor pressure of water at different tempera- 
tures. They also give conversion factors for changing flow 
from Ib per hour to gpm. Both are useful in planning. 
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choosing pumps 


Pipe sizes for lines where flow demand is likely to change 
or resistance may increase over a period of years require 
careful study. If sized only on basis of today’s demands or 
resistance, we may find that what was once an economical 
installation becomes a money-waster. 

Complete Analysis. Though not all jobs warrant it, a 
piping system can be completely analyzed for present and 
future operations by using pump characteristic and system- 
head curves like those on p 86. But instead of plotting one 
system-head curve, a series, one for each operating condi- 
tion, is plotted. Study of these will show just what we may 
expect from a given pump today, tomorrow, and five or 
more years from now. This is a job for the engineer in the 
plant and it deserves more attention than it usually receives. 
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Priming pumps 


Positive-displacement pumps — reciprocating and rotary — 
are self-priming for total suction lifts to about 28 ft. when 
in good condition. But with long suction lines, high lifts 
or other abnormal conditions, they must be primed. 
Centrifugal pumps are not self-priming; on a suction lift 
they must be primed. Either special self-priming units may 
be used or auxiliary priming equipment may be installed. 
Illustrations at top of this page show six modern self- 
priming units. Designs vary from one maker to another, 
but a liquid reservoir of some type on the discharge is 
common. It holds priming liquid and serves as an air 
separator. Other designs have a liquid reservoir on both 


suction and discharge, liquid being circulated from dis- 
charge to suction on prime. Automatic valves or hydraulic 
action stop circulation after pump primes. Some pumps 
circulate liquid continuously. 

Auxiliary equipment for pump priming includes ejectors, 
vacuum pumps, etc., used in hookups like those sketched. 

With a flooded suction, A, open casing air-vent petcocks 
and then slowly open suction gate valve. Incoming liquid 
pushes air from casing. Bypass around discharge check 
valve, B, permits using liquid in discharge line. Foot valve, 
C, holds water in suction line, is augmented by auxiliary 
supply. Separate pump, D, draws air from casing for prim- 
ing. Or an ejector, E, does same job. Priming tank, F, holds 
supply of liquid large enough to establish flow through 
pump on starting. Vacuum pumps, G and H, are manually 
and automatically controlled to prime the main pump. 


167 


Pumps on the job 


Installation 


Your best bet on correct installation procedures is the instruction manual sup- 
plied with your pump by its manufacturer. Remember, he spends considerable 
time, money and skill in assembling these manuals with the hope you will use 
them when the pump reaches your plant. Use the manual even where a con- 
tractor is responsible for installing the pump. Don’t assume grouting, alignment 
and bolting-down are so simple that they needn’t be checked. 

Today’s pumps, as a class of machinery, are among the most carefully built 
units available. So you are starting with a good product that will give years 
of dependable service without a hitch. Use Standards of Hydraulic Institute for 
many general helpful hints on pump location, layout and run of suction piping, 
type of fittings, etc. In many instances these will duplicate the manufacturer’s 
manual but it is well worthwhile to become familiar with the Standards because 
they contain much other valuable information. Past articles in PowER will also 
help you strengthen your background on pump installation. See the following 
issues for sure-fire aids: Feb 1945. Nov 1948. Jan 1950, June 1952, Feb, April 1953. 


Operation 


Major items of concern in pump operation include satisfactory prime (p 105), 
right direction of rotation, correct adjustment of packing, if used, a good supply 
of the recommended lubricant, adjustment of sealing-liquid flow, and proper 
opening of valves in suction and discharge lines. Generally speaking, correctly 
installed pumps run without troubles for years if checked regularly. 

Once again, your surest and shortest road to good operation is your instruction 
manual because it is aimed specifically at your pump and, for custom-built units, 
at your particular installation. There is no reliable substitute for the years of 
experience pump manufacturers have had with jobs similar to or exactly like 
yours. So use your manual carefully and see that vour operators know the whys 
and wherefores of the units under their care. Correct starting, running and stop- 
ping procedures help spin off troublefree years of dependable service. Of course, 
you must be alert at all times for conditions inside and outside the pump that 
may affect operation. See the following Power articles for good tips: April, 
July and Sept 1950, Jan, April, May and June 1952. June and Nov 1953. 


Maintenance 


Checks with manufacturers and pump operators show a growing tendency to 
bypass the annual tear-down for inspection of interior parts. Opinion on this 
subject is divided, however, and you'll have to evaluate the various arguments in 
terms of your job and pumping conditions before reaching a final decision on 
annual tear-down. As an example of what is possible. some boiler-feed pumps 
have been on the line for over 100,000 hours without being opened for inspection 
or overhaul. And these units are still ticking off the hours, day after day. 

Manual supplied by manufacturer should be your maintenance bible because 
it contains numerous tips on problems that may arise. It is especially important 
for large units where disassembly and assembly may be major undertakings 
requiring a high degree of mechanical skill and experience. Of course, you should 
make full use of advice the manufacturer can offer on specific maintenance 
problems. And you are certain to gain by making periodic checks of pump 
performance to see if it departs markedly from the guarantee. See the following 
Power articles: Jan, April, May and June 1952, June and Nov 1953. 


PowErR wishes to thank pump manufacturers and engineers throughout the coun- 
try not only for supplying illustrations but for much helpful advice and criticism 
in the preparation of this handbook. 


A half century has seen the refrigeration industry grow from a relatively 
few ponderous slow-speed machines for making ice to literally millions of 
units, large and small, serving about every activity known to man. Air 
conditioning, just one well-known application of refrigeration, continues 
to boom with the end nowhere in sight. Add to this a growing number of 
industrial applications ranging from straight food processing and storage 
to a wide variety of precision manufacturing, and you get somg indication 
of refrigeration’s importance as a power service today. 

This report points out that modern units are more compact, turn at 
higher speeds, have greater capacity per pound of equipment, are more 
reliable and easier to operate than machines of yesterday. You'll get the 
boiled-down facts on systems and their components—compressors, evapo- 
rators, condensers, controls, piping, brines and refrigerants. Also, power 
men will benefit from this report’s timely pointers highlighting current 


practices in equipment selection and operation, plus the helpful tips in 
applying the various refrigerants available today for best results. 
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How machines make cold 


Making cold depends on a few simple principles. Of these 
the most important is that heat always flows from a warmer 
to a cooler body—never the reverse. So to cool a warm ob- 
ject we place it near a cold one like a block of ice, or in a 
cold well, pond or lake. Using natural ice and cold water to 
remove heat provided man’s first cooling systems. 

Heat flow. Put some ice cubes in a jar with a ther- 
mometer, Fig. 1, and heat flowing from the room and sur- 
rounding air melts the cubes if the room temperature is 
above 32 F. To melt 1 Ib of ice, 144 Btu must be absorbed. 
During melting, temperature of ice and water formed stays 
at 32 F. Conceivably, we could cool an entire room with ice 
cubes, but the process would not be efficient. 

If a concentrated heat source is applied to a jar, Fig. 2, 
water formed from the ice cubes boils when it reaches a 
temperature of 212 F. Once again, heat is flowing from a 
warm body to a cooler one. 

To make the water change to steam, a gaslike vapor, we 
must add about 970 Btu per lb of water. This heat quantity 
is the enthalpy of vaporization. During the period when 
water is changing to steam, there is no temperature change. 
Heat absorbed by ice in melting is enthalpy of fusion. 

When all the water changes to steam at 212 F, further 
addition of heat causes superheating, meaning that the 
temperature of the steam is higher than that corresponding 
to its pressure, Fig. 3. 

Vaporization, condensation. Water boils at 212 F when 
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subjected to atmospheric pressure. Increasing the pressure 
on surface of a liquid raises the temperature at which it 
boils. Curves, Fig. 4, show some boiling temperatures. 

Condensation, the reverse of vaporization, also occurs at 
constant temperature. For a given pressure of the liquid, 
condensaton occurs at the same temperature as vaporiza- 
tion. Thus, for water at atmospheric pressure (14.7 psia) 
vaporization or boiling occurs at 212 F, as does condensa- 
tion. Reducing the pressure to 1 in. Hg absolute gives 
boiling and condensation temperatures of 79 F. 

Refrigerants are fluids that, with few exceptions, boil at 
low temperatures at atmospheric pressure. For example, 
ammonia at 14.7 psia boils at —28 F, while F-12 (Freon-12) 
boils at about —21 F, at the same pressure. Boiling and 
condensation processes of refrigerants are the same as for 
water. 

Using these concepts, let’s arrange an insulated box as in 
Fig. 5, with a flask of ammonia suspended in it. With 
normal atmospheric pressure on the ammonia surface, the 
liquid boils at —28 F, absorbing about 602 Btu per lb of 
liquid vaporized. Since little heat can pass through the 
insulated sides of the box, heat needed for vaporization 
will come from the air or other contents of the box. Thus 
we have a crude system for producing refrigeration. 

System in Fig. 5 might find use were refrigerants cheap, 
readily obtained from nature and noninjurious to human 
beings. But most refrigerants are not, and even if they were, 
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the hookup, Fig. 5, is impractical. So to make our system 
practical, we must find some way of recovering the am- 
monia vapor after it has absorbed heat. 

We could arrange to suck it into another chamber, but 
to condense it we'd need, as we recall from Fig. 2 and 3, a 
cooling medium at a temperature less than —28 F because 
condensation occurs at the same temperature as boiling. 

Since condensation temperature depends on vapor pres- 
sure, if we compress ammonia to a high enough pressure 
we can condense it by cooling with air or water at ordinary 
atmospheric temperatures (40 to 70 F). Fig. 6 shows how 
this can be done, using water for cooling. 

Compression system. Fig. 6 can be further refined to 
that shown in Fig. 7a, where an expansion valve controis 
refrigerant flow from high to low side. Fig. 7b shows a 
pressure-enthalpy (Ph) diagram for the system in Fig. 7. 
Starting at the expansion-valve inlet A, refrigerant in the 
liquid state flows through the valve. a portion of it chang- 
ing to a vapor. From B to C the liquid is vaporized in the 
evaporator (corresponding to the flask). Compression is 
from C to D, desuperheating and condensation from D to A. 

Compression systems may use reciprocating, centrifugal, 
gear or rotary compressors and any one or more of a variety 
of refrigerants, depending on the job. 

Steam-jet units are also the compression type. They use 
water as their refrigerant, have steam jets to lower the 
pressure, reducing the boiling point of the water. 

Absorption system. Here, heat is used to raise pressure 
of the refrigerant, instead of a compressor. Fig. 8a shows 
the components of a typical system. Absorption refrigera- 
tion relies on ability of some liquids and solids to absorb 
vapors when cold, give them up when hot. 
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DEFINITIONS 


REFRIGERATING EFFECT is tho amount of heat absorbed in the evapo- 
rator, which equals that removed from space cooled. It is measured by sub- 
tracting the enthalpy (heat content) of one pound of refrigerant entering 
expansion valve from the enthalpy of the same pound leaving evaporator 


TON OF REFRIGERATION is about equivalent to melting one ton of ice 
in 24 hr, or 288,000 Btu per 24 hr; 12,000 Btu per hr; 200 Btu per min 


REFRIGERANT HANDLED in pounds per ton-minute is found by dividing 
200 Btu per min by the refrigerating effect, Btu per ib of refrigerant 


WORK OF COMPRESSION is amount of heat added to refrigerant in 
compressor. Measured by subtracting enthalpy of one pound of refrigerant at 
suction from enthalpy of same pound at the compressor discharge 


COEFFICIENT OF PERFORMANCE is the ratio of refrigerating effect to 
work of compression. A high coefficient of performance means high efficiency 
of the refrigeration cycle 


HORSEPOWER PER TON is mechanical input in horsepower, divided by 
tons of refrigerating effect produced by unit 


STANDARD-TON CONDITIONS specify the pressures a machine must 
operate at to have certain evaporator and condenser temperatures—for ex- 
ample, 5 and 86 F, respectively. Tonnage produced at these temperatures is 
standard rating of the machine. Other temperatures are also used 


A common combination is ammonia as refrigerant, and 
water as absorbent or solvent. In Fig. 8a, refrigerant gas 
from evaporator is absorbed by water in the absorber. Heat, 
applied in the generator, drives off ammonia at condenser 
pressure. Fig. 8b is a simple cycle diagram for the system. 
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Refrigeration 
machines 


Shown on these two pages are a few of the many different 
designs for refrigeration machines of various types. There 
is far wider variation in the designs of machines for com- 
pression systems—reciprocating, rotary, gear and centrifugal 
—than for absorption and steam-jet systems. 

Reciprocating compressors of modern design, Fig. 1-6, 
are characterized by smaller size, lighter weight, higher 
speeds and greater reliability than their forebears of the 
1900s. Early units were steam driven at slow speeds (about 
50 rpm) and used liquid refrigerant or oil for cooling. 

Today most reciprocating compressors are motor driven 
at speeds up to 3600 rpm. Water or air cools the cylinders, 
making the entire unit simpler and more rugged. Improve- 
ments in production methods have lowered unit cost, en- 
abling more industries to use greater amounts of refrigera- 
tion in their operations. Complete or semiautomatic contro: 
of compressor operation reduces the amount of attendance. 

Hermetically sealed reciprocating and rotary compres- 
sors have the compressing element and drive motor sealed 
in a single housing. Relatively new, they are finding in- 
creasing use in a wide variety of applications. Advantages 
include elimination of the shaft seal of the open-type unit, 
easier lubrication and less operating noise. Some designs 
are cooled by refrigerant gas entering compressor. 

Centrifugal refrigeration compressors, introduced com- 
mercially about 30 years ago, are characterized by large 
capacity, suitability for extremely low temperatures and 
ability to carry varying loads with satisfactory efficiency 
at all loads within their operating range. 

Essentially high-speed units, centrifugal compressors 
may be directly driven by steam turbines. Motor or inter- 
nal-combustion-engine drive is also used. Top speed of 
these compressors today is about 8000 rpm. While many 
standard model centrifugal compressors are available, it is 
not uncommon to design and build some units for a specific 
job, selecting one of a large number of suitable refrigerants. 

Absorption machines, making a comeback after many 
years’ neglect, are catching on fast for air-conditioning and 
process jobs. With steam as their source of heat, they can 
provide a summer load leading to advantageous steam 
rates. Other advantages include quiet operation, light 
weight, easy control. 

Steam-jet units, using only steam and water, are simple, 
safe and low-cost, supply chilled water at 35 F, or above. 


OTHER METHODS 


Today, aaay all of industry's cones | is 

produced by one or more machines of the types 

shown on these two pages. But some aircraft — 
_ have air-cycle units for cabin cooling. Magnetic _ 
` o ag be pa salts, n low : 


Single-acting hermetically sealed Freon compressor can be 
maintained in field, has capacities to 110,000 Btu per hr 


je 


Twin-cylinder ammonia compressor for 5 to 100 tons is a 
typical unit for this refrigerant; belt or direct drive 


Centrifugal refrigerating machines of this design chili 
brines to —150 F, are built in capacities to 3000 tons 


Built with two or three cylinders, Freon-12 units like this Built with 4, 6 or 8 cylinders in V, W or VV arrangement, 
ene are designed for loads of 3, 5, 7.5 and 10 tons single units have 10- to 50-ton capacity on Freon 12, 22 


Booster compressor handles large gas volumes at low pres- Y-type ammonia compressor is built as a single- or two- 
sure in low-temperature systems, acting as the first stage stage double-acting unit with integral motor on the shaft 


Steam-jet refrigeration unit uses water for its refrig- Absorption refrigerating machine uses steam or hot liquid 
erant, delivers 35-F or higher temperature chilled water with lithium-bromide absorbent: compact, vibration-free 
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Refrigeration-machine components 


Reciprocating 


Higher speeds for today’s reciprocating compressors give 
greater displacement, produce more capacity from a given 
bore and stroke. Freon compressor, disassembled at A, runs 
at 1750 rpm, uses lightweight reciprocating parts. Unit 
takes 0.99 hp per ton at 40-F-suction, 105-F-condenser 
temperature. Multistep capacity control is actuated by 
suction pressure; external pneumatic or electrical triggering 
may also be used. 

Ammonia compressor components B through F are usu- 
ally of heavier construction than for Freon. Connecting 
rods B are often die-forged steel with precision-bearings. 
Plate-type discharge valves C operate on a pressure differ- 
ential. Poppet and strip-type valves are also used. Suction 
valves F are in compressor head, along with the discharge 
valves, or in piston top. A typical piston for a high-speed 
ammonia compressor is shown at D; crankshaft at E. 


Centrifugal ` 


Centrifugal compressors raise refrigerant pressure in steps 
through each stage, usually are built as complete units with 
compressor, condenser, cooler, drive and auxiliaries on a 
single base, making a compact, high-capacity package. 

Divided-waterbox multiple-pass shell-and-tube condens- 
ers A are used. Refrigeration machines of this type almost 
invariably chill water or brine, which is circulated to the 
points where cooling is required. One or more centrifugal 
pumps B circulate the water or brine to be chilled through 
the shell-and-tube cooler C. 

To reduce power input to compressor, an interstage flash 
chamber D may be used between the condenser and cooler. 
In this chamber a portion of the refrigerant flashes into 
vapor, subcooling the liquid refrigerant. Most centrifugal 
machines also have a noncondensable-gas purge system. 


Absorption and steam-jet 


Modern absorption units are a far cry from the early col- 
lection of tanks, pipes and coils of yesteryear. Typical of 
today’s designs, the machine at A has its condenser and 
generator in a single vessel, evaporator and absorber in 
another vessel. Both are supported by the same set of legs 
with solution and evaporator pumps slung beneath. 

Heart of a steam-jet refrigeration unit is the booster B, 
It has several steam nozzles discharging steam at 3500 to 
4250 fps across a suction chamber and into a venturi- 
shaped compression tube D. Water vapor from evaporator 
enters booster suction where it is entrained by the jets and 
discharged to the diffuser; here compression takes place. 
Condenser vacuum is maintained by a 2-stage steam-jet 
ejector C. For special installations, where high-pressure 
steam is not available, vacuum pumps are used. 


174 


Idle 
section 


Chilled 
water 


Idie booster 


Active booster 


Condenser 


; S i 
m aT 


Active l 
section | 


Condensate 
pump 


175 


System components 


Evaporators 


Many different types of evaporators are used, depending on 
the job. Watercooling type A supplies cooled water for 
indirect air-conditioning systems, is built for Freon in a 
wide range of capacities. Direct-expansion cooling coil B 
is fed just enough refrigerant by the expansion valve so all 
liquid is converted:to gas before the refrigerant reaches 
suction connection of the evaporator. This type is widely 
adopted for air-conditioning ducts. Cascade-type chiller E 
is a double-pipe unit fitted with a spring-type bladed 
scraper C to keep pipe clean. Liquid to be cooled circulates 
through the inner pipes, refrigerant between inner and outer 
pipes. Motor rotates scrapers. Shell-and-tube dry- or direct- 
expansion liquid chiller using Freon is shown at D. Vertical- 
header-type coil F for can-ice plants, may have float control 
or thermal-valve feed. Plate-type evaporators G have con- 
tinuous loops of steel tubing between evacuated plates. 


Condensers 


= 


Shell-and-tube Freon condenser, the most widely used type 
for this refrigerant in larger-capacity systems, is shown at 
A. It has finned tubes B to increase the heat-transfer area 
and efficiency. There may be either two or four water 
passes, depending on job. Older ammonia systems often 
had double-pipe condensers but these are gradually being 
replaced by shell-and-tube units similar to A, either hori- 
zontal or vertical construction. The condenser-tower unit C 
is designed to meet the need for water conservation in 
industry. It consists of a multipass straight-tube condenser, 
a receiver, oil trap, water pump and cooling tower. Air- 
cooled condensers D are used for small units, up to about 
3 hp. Larger capacities almost always have watercooling, 
sometimes in newer double-pipe units. Evaporative con- 
densers E receive their cooling effect from both air and 
water, are widely used in small and large sizes. 


Expansion valves 


Hand-expansion valves still find a place in some larger 
systems. Globe-type ammonia valve A is built for hand 
expansion of refrigerants or for metering service. Needle 
point and fine-pitch stem threads allow close flow regula- 
tion. Freon hand-expansion valve B has multiple metal- 
diaphragm sealing. Inverted bucket trap C is used as an 
expansion valve in some systems with flooded evaporators; 
can also be applied for liquid-seal service. 

Thermostatic expansion valves D, E and G, are available 
for a number of different refrigerants to automatically 
control liquid flow into the evaporator. They are fitted with 
a remote thermal bulb clamped to the compressor suction 
line. Bulb actuates the valve, opening or closing it to in- 
crease or decrease refrigerant flow. Refrigerant distributor, 
F, gives equal feeding to multicircuit evaporators. 
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SYSTEM COMPONENTS continued Materials for refrigeration pipin 


Piping and fittings 


Piping materials for refrigerants, brine and water include Ls amless, Grade. a ASTM A52, A106 or A21 3 
steel, wrought iron, malleable iron, cast iron, brass, copper ASTM A213 oo 
and bronze. Piping is made to specifications approved by i = 
American Standards Association Code for Pressure Piping, 
ASA B31.1, table, right. Ammonia systems use ferrous pipe; 
types K and L copper tubing are often used for Freon. a ee co 

Valves and fittings for refrigerant piping systems come $i Idec ASTM AS3, A106, A 
in a large number of different types, some of which are F : ar APLSE ee 
shown here. Line shutoff valves must give safe, tight ; ms oe ASTM. AS3 or A120 
closure. Diaphragm packless valves 1, with flare or solder frie- ASTM A135, A178, 
connections, are popular for Freon, Ammonia valves 2 : oo 
have extra-long packing glands to prevent leaks; back- 
seating permits repacking under pressure. Relief valves 3 
protect equipment from excessive pressure. 

Because Freon refrigerants are good solvents, they re- 
move sludge, chips, rust, etc, from inner walls of pipes and 
equipment. For this reason, filters 4 and 7 are often lo- 
cated in pipe lines. Driers 5 and 8 are packed with a 
dehydrating agent to remove moisture from the refrigerant. 
Economizers 6 and 9 use suction gas to subcool liquid 
refrigerant on its way to the expansion valve. 

Other important fittings, for whose illustrations we do 
not have room, include oil separators, mufflers, liquid re- 
ceivers, strainers, sight glasses, fusible plugs, check valves, 
receiver valves, compressor shutoff valves, purgers, etc. 


Ne 


welded : 


Controls 


A variety of control devices are required for industrial sys- Ta A 
tems since they have to meet many different load situations. ! 

Capacity control 10 is the pneumatic step type; it pro- ` 
vides: (1) on-off operation of steps in sequence (2) positive = | a am, $ 
prevention of starting more than one compressor at a time + 
after night shutdown or current failure (3) manual or 2 
automatic changing of operating sequence to equalize wear. te Bah Oe ce & 
Some compressors have pockets for varying unit capacity. 5 ow Nr Ai r y 

Pressure controller 11 starts and stops the compressor 
in response to machine suction pressure. This provides good Ores ~ 
control, especially when load is constant, or nearly so. A me (5 f ‘ST 

Condensing-water regulating valve 12, installed in the E 
condenser water-supply line, is actuated by high-side pres- 
sure or temperature. When pressure or temperature rises, 
the valve opens wiđer, admitting more water to condenser. 


Spring closes valve when temperature or pressure falls. EET 
Evaporator pressure regulator 13 is a spring-loaded pres- r Ca 

sure-operated valve installed in suction line to maintain 

the evaporator pressure at a constant value. It prevents a 

coil frosting, chiller freeze-ups, etc. \ 


Solenoid stop valves 14 provide a means of stopping 
refrigerant gas or liquid flow in response to action of 
thermostat or pressure control. They control flow to expan- Í 
sion valves, coils and compressors. ! a a x 

Float control 15 has a mercury switch for high or low a i 
liquid-level alarm, pump control on surge drums, receivers, 
tanks, etc. Room thermostat 16 opens or closes an electric 
circuit in response to room-temperature change, can actuate 
a relay to start compressor. 10 PNEUMATIC STEP-CONTROL 
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2 AMMONIA VALVE 


6 FIN-TYPE ECONOMIZER 


7 WOOL-FIBER FILTER 8 REPLACEABLE DRIER 


9 COIL-TYPE ECONOMIZER 


12 WATER-REGULATING VALVE 13 EVAPORATOR PRESSURE REGULATOR 


Sakon 


14 SOLENOID VALVES: AMMONIA AND FREON 15 FLOAT CONTROL 16 ROOM THERMOSTAT 
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FECT ompression has one compressor to 


Refrigeration 


applications 


End purpose of every refrigeration sys- 
tem is production of a lower tempera- 
ture by transfer of heat from a place 
where it is not wanted to a place it is 
unobjectionable. And many different 
schemes are used to improve efficiency. 

Subcooling of the refrigerant liquid 
on way to the expansion valve can be 
produced by use of either water, or 
suction gas leaving the evaporator. 
The liquid is subcooled when its tem- 
perature is less than that correspond- 
ing to its pressure. 

Advantages of subcooling include 
(1) reduction of some of the flash loss 
in the expansion valve, (2) an increase 
in refrigerating effect obtained in the 
system. Also compressor and con- 
denser loads are reduced and super- 
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heating of the suction gas between the 
evaporator and compressor is pre- 
vented or minimized. Though sub- 
cooling by water is possible, use of 
suction gas is more common. 
Compounding consists of using two 
or more stages of compression between 
the evaporator and condenser. Usually 
two separate compressors are used, one 
high-pressure and one low-pressure 
unit, but other arrangements are pos- 
sible. Less power input is needed in 
compound systems than in the single- 
stage systems operating over the same 
temperature and pressure range. 
Though power saving is the principal 
advantage of compounding, the pos- 
sibility of cooling liquid refrigerant 
with gas going to the high-pressure 


SECTIONALIZING Is way of ue two or more 


compressor suction and cooling the 
low-pressure discharge gas in a water- 
cooled intercooler offers further econo- 
mies. Compounding is widely applied 
to low-temperature systems using re- 
ciprocating compressors. In these jobs 
the low-pressure unit is often called a 
booster compressor. It handles large 
volumes of low-pressure refrigerant 
gas leaving the evaporator. 

Dual or multiple-effect compres- 
sors handle suction gas at two different 
pressures in the same cylinder. Lower- 
pressure gas is drawn in during the 
normal suction stroke. It is compressed 
and near the end of the stroke the 
piston uncovers a port through which 
the higher pressure gas is admitted. 
The piston completes its stroke, com- 
pressing all gas in the cylinder and 
discharging to the condenser. 

Multiple-effect compression is not 
the same as compounding because 
there is no chance for intercooling, to- 
gether with the attendant savings. In- 
stead, multiple-effect compression is 
like having two separate compressors, 
each operating at a different suction 
pressure but discharging to a single 


h 


: : PARALLEL OPERATION is another way of hooking up two or more 
evaporators for different suction pressures and temperatures 


Ethylene congenser -Compressor Methane 


{ condenser 
i 4- 


From feed 
compressor 


h 


MULTIPLE EXPANSION VALVES, backpressure valves can give 
dose contro! of two or. more. different-pressure: evaporators 


Theoretical compressor power for a 


Freon-12 plant* 


Loads: 10 tons at 44 F, 30 tons at 34 F, and 20 tons at 24 F 


Reduction from 


liquid p > > aso Type of system Hp maximum, % 
| { i One compressor: 3 
ae Lys Compresso All evaporators at same temperature 53.6 0.0 
Propane vepor. > sy $ z= Individual exp valves and backpressure valves 52.4 2.2 
= oH i x2. Multiple exp valves and backpressure valves 51.7 3.5 
| Two compressors (one dual-effect type): 
4 A E kecir Individual expansion valves 47.7 11.0 
y = Multiple expansion valves 45.9 14.4 
ry Propane Three individual compressors: 
condenser individual expansion valves 46.4 13.4 
+ cI Multiple expansion valves 44,7 16. 
=e i Compound compressors and intercoolers: 
D individual expansion valves 46.0 14.2 
t Multiple expansion valves 44.5 17.0 


condenser. Some designs of dual-effect 
compressors have clearance pockets to 
provide capacity control. 

The principal advantage of multiple- 
effect compression is a reduction in 
system power costs. Many ice plants 
use it for this purpose. It also is a con- 
venient means of operating two evap- 
orators at different temperatures. 

Sectionalizing is one method of 
operating two or more evaporators at 
different pressures and temperatures 
without the necessity of compressing 
the gas from higher-pressure evapo- 
rators through a range greater than re- 
quired. As shown in the equipment 
diagram above, two compressors may 
be used, one for the low-pressure evap- 
orator and one for the high-pressure 
evaporator. Both discharge to a com- 
mon condenser. Flash vapor formed in 
the low-pressure expansion valve is 
separated in a flash chamber, from 
where it flows to the suction of the 
high-pressure evaporator. 

Parallel operation is another 
method of providing for two or more 
evaporators using different suction 
pressures and temperatures. As shown, 


Low-temperature 


: YSTEM shown uses centrifugal co: 
emperatures ‘ia liquefied-gas storage, has high efficiency 


*From 


cooler Prentice-Hall, tac 


mpressors for ultra- 


each evaporator has its own expansion 
valve and compressor, but there is a 
common condenser. The compressors 
and their evaporators operate inde- 
pendently except for using the common 
condenser. Either dry-type evapora- 
tors, p 82, or flooded-type, may be 
adopted. In latter not all the refrig- 
erant evaporates, the vapor-liquid 
mixture flowing to a surge drum from 
which vapor is drawn off by the com- 
pressor and liquid is recirculated to 
the evaporator. 

Multiple-expansion valves in con- 
junction with backpressure valves are 
another means of providing for two or 
more evaporators at different pressures 
and temperatures. With this hookup 
the evaporators shown have a common 
suction pressure, corresponding to that 
of the lowest-temperature evaporator. 
The backpressure valves in the two 
higher-temperature evaporators main- 
tain the higher coil pressures required 
in them. Table, above right, shows the 
power input savings possible with a 
fixed load and various hookups. 

System size is a definite factor in 
the arrangement chosen. Large sys- 


‘Refrigeration and Air Conditioning," 


by Jordan and Priester, 


tems, where power savings may be 
considerable, often use one or more of 
the arrangements shown. Others, not 
shown here, are also used, depending 
on the specific requirements of the 
process served by the system. 

In small systems the power savings 
possible may be insignificant because 
the power input required is small to 
start with. So one or more special 
controls are used instead of a multiple- 
compressor hookup. Typical controls 
include thermostatic expansion valves, 
backpressure valves, float switches, 
suction-pressure regulators, etc. 

Extremely low temperatures may 
be produced in a number of ways. One 
popular method, called the cascade 
system, uses a series of refrigerants 
having progressively lower boiling 
points. As shown above, one refrig- 
erant serves as the coolant to condense 
the refrigerant gas with the next lower 
boiling temperature. Cascading is gen- 
erally applied at temperatures below 
about —135 F, but with newer re- 
frigerants becoming available it is pos- 
sible that this temperature might be 
lowered in the near future. 
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APPLICATIONS, continued : 


AIR-CONDITIONING installations use centrifugal compressors for the larger loads. 
A wide range of sizes permits multiple installation to give the desired capacity 


RECIPROCATING compressors here serve 
an air-conditioning system in a hospital 


UNIT AIR CONDITIONER contains Freon-12 compressor, conden- 
ser, evaporator controls. Fans blow conditioned air to rooms 


Without going too far off the beam we 
can classify refrigeration applications 
in seven broad categories—air condi- 
tioning, food processing and storage, 
ice making, industrial processes, medi- 
cal, heat pump and miscellaneous. II- 
lustrations on these two pages show 
units for a number of these services. 

Air conditioning is probably the 
most talked about application, with 
the heat pump next. Yet our lives are 
affected in a great many other ways 
by refrigeration — someone has even 
said from the cradle to the grave, and 
he’s probably correct. 

From the tiny room air conditioner 
to the 2000-ton centrifugal serving an 
entire building, air conditioning uses 
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sealed compressor, 


millions of tons of refrigeration ca- 
pacity. Unit conditioners available to- 
day are compact, noisefree devices 
requiring a minimum of installation 
work. Operation, after the unit is 
turned on, is usually automatic. 
Though there is no definite capacity 
limitation on unitary-type equipment, 
capacities above about 12,000 cfm or 
about 40 tons of refrigeration are be- 
lieved to be more economically han- 
dled by field-assembled equipment. 
Multiple installations of unit condi- 
tioners are often economical for larger 
air flows or tonnages where zoning is 
desired or air ducts must be kept to a 
minimum. 

The. next step up in capacity from 


SOLVENT COOLER for dry-cleaning plants uses a hermetically 
is fitted with solvent circulating pump 


unitary equipment for air conditioning 
is to the central-type system using 
field-assembled units serving, usually, 
more than one room or area, with 
separate control for each room or area. 
Ducts generally connect the apparatus 
with the various rooms, the refrigera- 
tion equipment, fans, coils, etc, being 
in the building basement or another 
space separate from the conditioned 
rooms. 

As with unit conditioners, there is no 
definite point at which one type of 
equipment is used in preference to an- 
other. But current practice uses re- 
ciprocating compressors and steam-jet 
units in capacities to about 400 tons, 
with absorption units running up to 


FOOD PROCESSING is another big user of refrigeration. Shown 
here is an ice-cream storage room fitted with vertical coils 


HEAT PUMPS use refrigeration principles to heat or cool, are 
finding jobs In some industrial and commercial installations 


somewhat over 700 tons. In systems of 
over 25 tons capacity we are likely to 
find reciprocating, absorption, steam- 
jet or centrifugal, but except for re- 
ciprocating units, the representation is 
rather spotty. Over about 400 tons, 
centrifugal, absorption and steam-jet 
units predominate in air conditioning. 

Food processing — manufacture, 
storage and transportation—takes a big 
chunk of tonnage. While reciprocating 
compressors are popular in cold stor- 
age, frozen foods, packing and manu- 
facturing, other types of units are also 
used. In a given application the choice 
of unit type is a function of the load, 
temperature required, and a number 
of other important governing factors. 


ice making, one of the earliest ap- 
plications of mechanical refrigeration, 
is almost solely in the province of re- 
ciprocating compressors. With the 
widespread use of domestic refrigera- 
tors, the emphasis in ice making has 
shifted somewhat from the can-ice 
plant to cubed and sized ice. Today, 
block-ice manufacturers produce about 
800,000 tons annually of clear solid 
cubes, using either automatic or semi- 
automatic machines. In recent years 
much study has been given the manu- 
facture of cubes of various sizes and 
types, resulting in the design of a 
variety of specialized machines for 
cube production. 

Industrial processes might be called 


LIQUID CHILLER of packaged design has a dry-expansion type 
chiller on same base with reciprocating compressor, controls 


ICE-MAKING MACHINE is used here in conjunction with storage 
tank, meets peak loads by cooling makeup water entering tank 


the unknown soldiers of refrigeration 
because so many products require re- 
frigeration at one stage or another 
during manufacture or preparation for 
it. A few of the processes using re- 
frigeration include metal treatment, 
testing, chemical production, oil refin- 
ing, rubber manufacture, building 
construction, natural gas, etc. Tem- 
peratures vary over the entire range, 
requiring many different units. 
Medical and surgical applications 
of refrigeration are growing continual- 
ly—from blood-plasma manufacture to 
shock prevention and use as an an- 
esthetic. The Salk vaccine is the latest 
in a long list of aids to health produced 
by some use of refrigeration equipment. 
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Physical properties of common refrigerants 
Based on standard-ton conditions: ‘evaporation at 5F, condensation at 86F ` 


SAFETY DATA mman 


OPERATING 


ao oo z= : = = ae Jo ewe ‘Kilis at seriously 
; a $s E = u HA Šas a. Èz- stg 2 a Bese Ege injures when: in ait: Se 
Name of E 2222 32 fo ese s82%c_2¢5 5 coe 2 og g ESER $ia 2i g. 2 

! Z sas O E P Bae eseeei ek BS s 5 § $ sasz fsg s 22 25 2g 
higen Z Ze s3 ee 3 iP ESasfes22e522 228 5 = #€ S055 Eeae a= 22 gs $E 
Ammonia NR, L-H -28.0 =107.9 271.2 1545 196 474.6 0.421 196 3.46 0.98 Rac Water 2.150 300. -18-25 V2.0 0.5 0.25- No- Yes 
Carbon dioxide CO, L, M -1093 -699 87.8 1028.3- 316.8 55.53.61 1670 096 -1.83 Rec Water 1- 1000- 1500 N V2-1 29-38 Ro No 
Bielene GHC, H igo -00 470.0 15.8%. 28.3 114.3 LI 38.3 112 0.97 — Cen Water 2 30°30 5.61140 1 228 Yes Weak 
Ethyl chloride CHCI MER 545 -217.7 38.0 124 205° M23 141 44- 22.52 HI Rot. Air 2 50. 0037-120 1 4 Yes Yes 
Freon=11 CCIF -H 74.7 168.0 388.4 3.6 24.09 875 296- -560 36.3 0.94 Rot Cen Water 1 30 . 30 N, D 2 10° 35 Yes No 
Freon-12 CELES MÀ -216 E 2330 B2 18 SII 3.91 83.8 5.81 LOL RecRot WorA 1 140. 235- N, D 20 28 90 Yes No 
Freon-2i CHCLF M, H 48.0 2110 353.3 16.5 193° 894 224 -458 20.46 0.93 Rot. Ar 1 40 70 N 12 02 Yes No 
Freon~22 CHCIF, U, Lo -414 3256.0 204.8 159.8 28.3 69.3 289. 681 3.50 1.02 Rec Water 1 150 30 ho EE Yes: No 
Freon-113 CCF, H 1176 310 4174 13.9% (27.9% 537 373 64 100.9 0.98. Cen Waer 1° 9o 30 ND 1 5° 8 Yes No 
Freon—114 CoCr, MH 384 137.0 29630220 161% 43.1 4.68 89.3 19.59 0.99- Rot Air too 50 50 N, D 2 a g Yes No 
isobutane (CH aCH M, H 10.3: -223.0 272.7 44.8 3.3 WLS 179. 982 150 1.08 RecRot WoA 3. 70. 130 18-84 = -= Yes Weak 
Methy! chloride CH 40E M, H =10.8 UR 289.4 30.0 65 150.2 LB 40.3 5.95 1.02 RecRot WorA 2 120 2308.117.202 20-25) Yes Weak 
Methylene chloride CH Ciy H 103.6 142.0 421.0 84° 27.4" 134.6 149 30,9 74.3 097 Con Water 1 30. 90 N, D W205 00 nN Yes Weak 
Sulfur dioxide i $0, MH WO 3103.9 314.8 518 5.9% 142.8 140 286 9.10 0.97 Rec-Rot. WorA 2. 85 An N Smin OF 12 No. Yes 
Water (40F & 86F) HO -H 212.0. 320- 706.1 28.7% 29.7° 1025.3 0.195 5.4. 476.6 1.19 Cen-Jet Water = 2 - + N w soa No No 


(1) N-Nitgpgen, H-Hydrogen, C-Cathon, Cl-Chlorine, F-Ftuorine, S—Sulfur 
(2) U-Ultraiow: -130 to -75 F, L-Low: -75 to O.F, M-Medium: O to 30 F, 
H—High: over 30 F, (3)* Inches of mercury vacuum, (4) Rec—Reciprocating. 
Con-Centrifugal, Rot.-Rotary, (6) ASRE Std 15-53: 1~-Used generally with 
-minor limitations, 2-Used generally with strict limitations, 3~Probibited in 


Refrigerants and brines 


There is no perfect refrigerant, nor is 
there one refrigerant which is usable 
for the complete cooling range required 
in industrial and commercial applica- 
tions. So we find a large number of 
refrigerants in use today. 

Properties. Table above summa- 
rizes properties of many common Te- 
frigerants. Note that so-called safety 
factors — toxicity, irritant properties, 
flammability etc, play important parts 
in refrigerant choice, especially where 
large numbers of people might be ex- 
posed to the gas during system failure. 
With ever-widening use of air condi- 
tioning, we find older refrigerants like 
ammonia, carbon dioxide and sulfur 
dioxide decreasing in use for smaller 
units. They have been replaced by 
members of the Freon family—refrig- 
erants made from hydrocarbons. 

Physical properties of refrigerants 
are also important because they too 
affect selection. Boiling and freezing 
points and critical temperatures set 
rough limits on the kinds of jobs for 
which refrigerants are suited. “Heat” 
or enthalpy properties, tables, facing 
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page, determine the amount of refrig- 
erant that must be circulated for a 
given capacity and are valuable in 
both system design and analysis. 
Using refrigerants that must be con- 
densed at high pressures means heavy 
construction for the compressor, piping 
and condenser, increasing system cost. 
Some Freons are called vacuum re- 
frigerants because they exist as liquid 
at normal atmospheric temperature 
and pressure. To produce refrigeration 
temperatures in an evaporator, these 
refrigerants must be vaporized at pres- 
sures below atmospheric. 
Refrigerating-equipment size de- 
pends on refrigerant density and the 
ability of the liquid to absorb heat. 
These two factors can be combined 
into one index—piston displacement— 
which tells how many cubic feet of 
refrigerant must be handled each min- 
ute to produce one ton of refrigeration. 
Lubrication of a refrigeration unit 
depends on compressor design, cooling 
method, refrigerant used and operating 
conditions. Table, right, gives the vis- 
cosity ranges of lubricants commonly 


all-but industrial occupancies (and commercial laboratories unit systems. 
containing not over 6 Ib); see Standard for exact: limitations for all refrigerants. 
{6) From ASRE Std 15-53: (7) N=nonflammable, except slightly flammable 
Freon-21; 0-—Decomposition products trom heat of flame are highly toxic. 

(8) Decomposition products of Freons, etc, have pungent odors. 


used with various types of compressors 
and refrigerants. Usual aim is to use 
the oil having the lowest viscosity that 
gives the required sealing with the re- 
frigerant used at the temperature and 
pressure ranges met in the system. 

Oil properties, which must be con- 
sidered in practice, include pour test 
and cloud point, volatility, flash and 
fire points, moisture, stability and sol- 
ubility of oil and refrigerant. Pour and 
cloud points may have little effect in 
normal air-conditioning applications, 
but in low-temperature units they may 
greatly influence lubricant choice. Oil 
volatility should be chosen so the lu- | 
bricant does not vaporize at pressures 
and temperatures met in the high side 
of the system. 

Some refrigerants having high spe- 
cific-heat ratios have high compression 
temperatures, leading to carbonization 
of lubricants with low flash and fire 
points. To prevent expansion-valve 
freeze-ups, refrigeration oils should 
have a low moisture content. Stability 
against oxidation and heat are also 
important. Solubility characteristics, 
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Pressure-enthalpy properties of ammonia and Freon-12 


SATURATED AMMONIA (All values are per Ib of refrigerant) SATURATED FREON-12 
Liquid Vapor Enthatpy - Liquid Vapor Enthalpy 
Temp : density sp vol Sat. Sat. Temp density sp vol Sat. Sat. 
F Psia Psig tb/cuft cu ft/lb jiquid Evap vapor F Psia Psig 1b/cu ft cu ft/Ib liquid Evap vapor 
-40 10.41 8.7* 43.08 24.86 0.0 597.8 597.6 ~40 9.317 18.96* 0.01057 3.911 0.08 73.50 73.50 
~30 13.90 1.6* 42.65 18.97 10.7 590.7 601.4 -30 12.02 5.45* 9.0107 3.088 2.03 72.67 74.70 
-20 18.30 3.6 42.22 14.68 214 583.6 605.0 -20 15.28 8.58 8.0108 2.474 4.07 71.80 75.87 
-10 23.74 9.0 41.78 11.50 32.1 576.4 608.5 ~10 19.20 4.50 0.0109 2.003 6.14 70.91 77.05 
t 30.42 15.7 41.34 3.116 42.9 568.9 611.8 Q 23.87 $.17 0.0110 1.637 8.25 69.96 78.21 
5 34.27 19.6 41.11 8.150 48.3 565.0 613.3 5 26.51 11.81 0.0111 1.485 9.32 $8.47 78.79 
T 38.51 23.8 40.89 7.304 $3.8 5611 614.9 10 29.35 14.65 0.0112 1.351 10.39 68.97 79.36 
20 48.21 33.5 40.43 5.910 4.7 553.1 617.8 20 35.75 21.05 0.0113 1.421 12,55 67.94 80.49 
30 59,74 45.0 39.96 4.825 75.1 544.8 620.5 30 43.16 28.46 0.0135 0.939 14.76 66.85 81.61 
49 73.32 58.6 39.49 3.971 86.8 536.2 623.0 4 51.68 36.98 0.0116 0.732 17.00 65.71 82.71 
50 89,19 74.5 39.00 3.294 97.9 §27.3 625.2 50 61.39 46.69 0.0118 0,673 19,27 64.51 83.78 
60 107.6 92.9 38.50 2.751 109.2 518,2 627.3 60 72.41 57.71 0.0119 0.575 21.57 63.25 84.82 
70 128.8 114.1 38.00 2.312 120.5 508.6 629.1 n 84.82 0.12 0.0121 0.493 23.90 61.92 85.82 
80 153.0 138.3 37.48 1.955 132.0 498.7 630.7. 80 98.76 84.06. 0.0123 0.425 26.28 $0.52 86.80 
86 169.2 154.5 37.16 1.772 138.9 492.6 631.5 86 107.9 93.2 0.0124 0.389 27.72 59.65 87.37 
30 180.6 165.9 36.95 1.661 143.5 488.5 632.0 30 144.3 33.6 0.0125 9.368 28,70 59.04 87.74 
106 211.9 197.2 36.40 1419 156.2 477.8 $33.0 100 131.6 116.9 0.0127 0.319 31.16 57.46 88.62 
110 247.0 232.3 35.84 1.217 167.0 466,7 $33.7 ug 150.7 136.0 0.0129 0.277 33.65 55.78 89.43 
120 286.4 271.7 35.26 1.047 179.0 455.0 634.0 128 174.8 157.1 0.0132 0.240 36.16 53.99 90.15 
* inches of mercury below one standard atmosphere (29.92 in.) 
SUPERHEATED AMMONIA (V-—specific volume; H—enthalpy) SUPERHEATED FREON-12 
Total Absolute pressure, psia (saturation temperature, F) Total Absolute pressure, psia (Saturation temperature, Hi 
temp, 20 30 40 140 X 200 temp, 20 40 60 120 14 160 
F (-16.64) (-0.57} (11.66) (74.78) (86.29) (96.34) F {-8.2} {25.9} (48.7) (93.4) (104.5) (144.5) 
v H v H Y H v H V H v H v H Y H y H v H v H v H 
-10 13.74 610.0 + - - a] oe - - - - - 29 2.060 81.14 ~ ~ - - - ~ - - - - 
O 14.09 615.5 9.250 611.9 - - - = - oa - + 30 2.107 8255 1.019 81.76 - - - - - - - 
20 34.78 626.4 9.731 623.5 7,203 620.4 - - - - - = 40 2.155 83.97 1,044 83.20 ~ = - - - = os nai 
40 15.45 637.0 10.20 634.6 7568 621 =- - 9 - 2 oe 50 2.203 85.40 21.070 84.65 0.690 8383 ~- ~ - č =% - = 
60 26.12 647.5 10.65 645.5 7.922 6434 — - - - - - 60 2.250 86.85 1.095 86.1) 0.708 85.33 - - - - - = 
80 16.78 658.0 11.10 666.2 “8.268 654.4 2.166 633.8 ~ ~ ~ - 80 2.343 89.78 1.144 8909 0.743 88.35 - - - - - - 
100. 17.43 668.5 11.55 666.9 8.609 665.3 2.288 647.8 1.837 641.9 1.520 635.6 106 2.437 92.75 1.194 92.09 0.778 91.41 0.357 89.13 - - - - 
150 19.05 694.7 12.65 693.5 9.444 692.3 2.569. 679.9 2.081 675.9 1.740 671.8 120 2.530 95.78 1.242 95.15 0.812 94.51 0.377 92.38 0.314 91.60 0.264 90.68 
200 20.66 721.2 13.73 720.3 10.27 713.4 2.830 709.9 2.303 706.9 1.935 703.9 140 2.623 98.85 1.291 98.26 0.846 97.65 0.397 95.65 0.332 94.96 0,282 94.12 
250. - ~ 481 747.5 11.08 746.8 3.080 739.2 2.514 736.8 2.118 734.5 160 2.716 101.97 1.340 101.42 0.880 100.84 0.417 98.96 6.350 98.34 0.298 97.57 


having important influence on lubri- Suggested lubricant viscosity ranges 


cant performance, are best evaluated 


by tests in the actual unit. Poser 
Š . ity ranges, 
Brines. There are many refrigera- ssu at 100 F 
tion applications where direct-expan- SMALL SYSTEMS (Reg-Reciprocating compressor, Rot -Rotary, Cen-Centrifugal) 
sion evaporators, p 82, cannot be used, Rec: Carbon dioxide, methy! chloride, Freon-22, 21; Rot. Freon-I14, sulfur dioxide; Cen: methylene 
> : oe sets Chloride, Fiw LE, 12, Oan a a a AEA 280-300 
while there are others in which it 1S Rec: Ammonia; Rot: methylene chloride ... 150-300 
impossible to locate the evaporator in Sulfur dioxide (Rec)... 70-200 
the area or substance to be cooled or INDUSTRIAL REFRIGERATION ‘(ammonia ‘and cathon-dioxide compressors) 
. Where oif may enter sefrigeration system or compressor cylinders .... ee 150-300 
frozen. Also, chilled water cannot be Where oil is prevented from entering system or cylinders: (1) in force-feed or t gravity ‘systems 500-600 
u low about 33 F. To serve such (2) in sptash systems. 150-160 
a sed be a t 3 ae 4 de Steam-driven compressor cylinders when condensate is reclaimed for ice making 140-165 at 210 F 
jobs brines are commonly used in in- MISCELLANEOUS EQUIPMENT 
direct systems. Bearings: (1) sing oiled, normal temperature 280-300 
z ayi : (2) ring oiled, low temperature...... 100-115 
The usual hookup of an indirect sys- (3) chain cited . i 280-300 
tem consists of a brine cooler. a brine Ball and roller ree oil lubricated. 280-300 
Š : $ ae Wick pifetS oe nosiris 280-600 
pump and distributing piping. Cooler, 
usually of shell-and-tube design. acts 
as the evaporator for the refrigerant. 
Cold brine is circulated by the pump Physical nent f bri 
to the areas requiring cooling. Where y: properties of Drines 
compressor operating periods must be j 
limited, hold-over or congealing tanks ` 
. Sodium chloride Calcium chloride 
may be used for brine storage. 
Commonly used brines are water % pure Specific Specific Freezing Wt, ib per gat % pure Specific Specific Freezing Wt, ib per gal 
` k : NaC} by gravity heat at CaGigby gravity heat at —acmene 
solutions of calcium, sodium or mag- weight at 59F 59 F point, F NaCi Water weight at 60F 60F point, F CaCl, Water 
g 2 
nesium chloride. Brine freezing point ; 
depends on solution strength, as tables 0 1.000 1000 320 0900 835 © 1000 1.0000 320  &000 8.350 
right, show. Calcium-chloride and $ 1.035 0.938 27.8 0.432 8.22 5 1.044 0.9246 29.0 0436 8.281 
sodium-chloride brines are the most 10 1072 0888 204 0.895 805 10 1O87 08556 23,0 0.908 8.168 
idely u wi iu hloride 
K de y used, th calcium e 15 LIH 0.847 12.0 1.392 7.89 15 1.133 0.7930 125 1.418 8.034 
suitable for lower temperatures. Other 
brines include some of the glycols 20 1.150 0.813 18 1.920 7.68 20 L182 07375 - 3.0 1970 7.883 
alcohol and glycerin. 35 1.191 0.786 16.1 2.488 7.46 25 1.233 0.6899 -25.0 2574 7.721 
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/105-F condensing temp 
95- F condensing temp 


Reciprocating 


| 


Condenser temperoture IOO F 


Refrigeration equipment for air-conditioning 
` Data from ASHAE ‘‘Guide,”’ Chap. 37, 1955 


Capacity, me 
tons Majority used 


Unit central systems, duct 
space distribution 


Unit systems in conditioned 


Performance 
factor, hp per ton 


Volumetric 


Few used efficiency, % 


Su.ct-up central systems 


25 to 50 


Built-up central systems, 
reciprocating compressors 


Built-up central systems, 
reciprocating compressors 


Built-up central systems, 


Unit central systems, duct 
distribution 


Built-up central systems, 
centrifugal compressors 


Built-up central systems, 


unt systems in conditioned 
scace 


Bu.t-up systems, absorp- 
uon anc adsorption systems 


Centra: systems, adsorption 
systems 


50 to 400 steam-jet and centrifugal 


compressors 


reciprocating compressors 


Built-up central systems, 
steam jet 


Built-up centra! systems, 
centrifugal compressors 


400 and over 


* Approximate values for high-speed Freon units 


Equipment selection and use 


Correct sizing of refrigeration equipment for a given load 
is extremely important—undersizing can lead to damage of 
expensive products or personnel discomfort, while over- 
sizing may cause uneconomical operation. The aim of cor- 
rect choice is a balanced system giving economical operation 
for all normal loads, with sufficient reserve for expected 
overloads. 

First step in equipment selection is determination of heat 
loads expected. Heat may be gained from any one or all of 
four sources—the room or area refrigerated, the air in the 
room, stored products and miscellaneous sources. 

Heat gain from the room results from transmission 


186 


through the walls, ceiling and floor. Amount of heat gained 
depends on type of wall and floor construction, type and 
thickness of insulation, area insulated, and temperature 
difference between the inside and outside of the room. 

Air enters a refrigerated space every time a door is 
opened. To maintain the desired temperature level within 
refrigerated room, temperature of the entering air must be 
reduced. This imposes a definite load on the equipment. 

Products placed in the refrigerated area generally must 
have their temperature reduced, and in many instances 
must be frozen, requiring removal of additional energy in 
the form of heat, p 76. Amount of heat that must be re- 


Freon reciprocating compressor rating table 
Condensing temperature and pressure 


85F SSF 105 F LISF 
Gage 


pressure, 
psi Tons Tons Tons BHP Tons BHP 


91.7 psi gage 108.1 psi gage 126.2 psi gage 146.3 psi gage 


45 3.4 . 3.1 $ 27 6.7 2.4 6.5 
6.7 4.0 3 3.6 ` 3.2 7.2 2.9 ipl 
9.2 46 ; 4.2 ; 3.8 7.8 3.4 7.8 
11.8 5.3 f 4.3 à 4.4 8.3 4.0 8.3 
14.7 6.1 - 5.6 k 5.1 8.8 4.6 
17.7 6.9 . . k 5.8 9.2 5.3 
21.1 7.8 . s k 6.6 9.6 6.1 


24.6 8.8 ; k £ 75 10.0 
28.5 9.8 i . . 8.5 10.4 


32.6 . . 9.5 
37.0 i $ 10.7 
417 


Rating table for absorption refrigeration machines 
8-77 Internal -coil machi nes ——— Open machines ——— 
45-F chilled wore 


Nominal capacity, tons 85-F condensing wre = (3137 300 334 424 485 585 691 109 145 193 245 275 317 353 512 619 731 
12psig stoor 


Nominal steam rate, Ib per hr per ton SIE . k 19.6 19.6 19.6 19.6 196 19.6 19.0 19.0 19.0 19.0 190 19.0 19.0 19.0 19.0 19.0 
Solution ; 5 5 %h h hm Hm Ik 
Pump horsepowers -Evaporator 3 3 5 5 5 
Purge 2 2 2 2 2 2 
Condensing water, gpm 0 1100 1225 1560 1750 2150 2450 400 1100 1225 1560 1750 2150 2450 
Condensing-water pressure drop (tota. > : 14 15 B 0 14 
Absorber passes 2 2 3 3 2 2 
Chilled water, gpm 790 875 1110 1270 1530 1820 


Condensate (max. startup) Ib per tr TEK 10,200 13,800 17,100 19,500 22,200 25,200 31,200 36,300 43,800 54,000 7,500 10,200 13,800 17,100 19,500 22,200 25,200 31,200 36,300 43,800 54,000 
for steam trap selection only 


iR Ë oa 


Seah 
hart for centrifugal compressors 


Leaving condenser- water temperature 


Pass arrangement and exil! 85 F 90 F — 95F 
gpm range 
B B A B 


4-pass evaporator 
43-420 gpa 
velocity,fps = gpm x .02! 
4-pass condenser 
120-404 gpa 


velocity, fps = gpmx .025 


4-pass evaporator 
143-470 gom 


velocity, fps = gpm x,02! 


187.1 
190.7 
D57 W65* 194.4 
200.7 206.5 
2155 210.8 


3-pass condenser 
158-539 gpm 


velocity, fps = gpm +.019 


BBREEKSTH Bae HAS 


Boldface numbers indicate rates capa: tes, tirs ta. : 
* These ratings require iess thar 155 235 


| Tonnage capacity of Freon piping 


Outside diameter of pipe, in. 
Length of pipe, Pressure drop, 11⁄8 13/8 isa aes A; Lah eae D ‘a 1/8 35/8 41/8 5 1/8 61/8 
a psi 345 Big 1.025 1.265 1.505 1.985 2.465 29 3.425 3.905 4.875 5.845 


5.7 19.0 34.1 82 117 213 347 
. 28.2 50.5 122 173 315 512 
35.4 153 218 395 643 

41.6 e 180 256 465 757 

47.1 . 204 291 526 857 


Compressor discharge lines 


50 


boha 


Compressor suction line 


SR 


50.7 
57.7 


A a N m A a a A o 


oe ee 
wien 


225.3 


EQUIPMENT SELECTION continued 


moved is a function of the total weight of product placed in the refrigerated 
area, its temperature, specific heat, final temperature desired, and the number of 
Btu that must be given up to produce freezing, if the product is to be frozen. 
On some jobs this last quantity represents a major portion of the product load. 

Miscellaneous heat loads include those from electrical devices within the 
refrigerated space—lights, motors, etc—people within the space, piping and any 
other sources. To secure accurate results, these must be carefully evaluated. 
Note that the four heat sources given above apply equally well to any job. 

Second step is choice of compressor type. Table, p 92, shows typical units 
chosen for air-conditioning jobs. Text, pp 88-89, gives details on the usual types 
of units chosen for various other classes of jobs—industrial, ice-making, etc. 
Tables, p 93, show typical rating details that must be reviewed when choosing 
reciprocating, centrifugal and absorption units. Efficiencies of typical reciprocat- 
ing units are also shown. 

With compressor type and capacity known, the remaining components of the 
system must be chosen. These include the condenser, evaporator, expansion 
valve, controls and piping. Earlier pages in this report cover these items. 

Piping deserves particular attention during system planning because use of 
the wrong sizes or types can seriously handicap an otherwise good job. Table, 
p 93, shows sizes for various tonnages on Freon jobs. 

Whenever in doubt about the proper type or size of compressor, component or 
system to be used, secure the aid of equipment manufacturers and a consulting 
engineer. Correct choice is too important to be given only passing study. 


Equipment use 


Factors important in equipment use include head and suction pressures, con- 
denser-water supply, expansion-valve setting, compressor lubrication and load 
on the machine. While conditions vary from one job to the next, here are some 
pointers to watch with each compressor type: 

Reciprocating. Keep head pressure within recommended limits at all times. 
Automatic purge units are useful. Excessive head pressure means high side has 
air and other noncondensable gases trapped in it, incrersing the required power 
input and reducing system capacity. Purge high side to remove air and gas. 

Don’t pull suction pressure too low—liquid refrigerant may reach compressor 
suction, where it can do damage. Watch suction-line frost; it’s a fair indicator 
of whether the pressure is right. Keep an eye on your compressor gages and 
controls at all times—they show up troubles in the making. 

Get advice before making final choice of compressor lubricating oil. The right 
oil goes a long way toward making compressor operation more dependable, and 
can aid in increasing system operating economy. So don’t guess; it doesn’t pay. 

Centrifugal. Usually fitted with built-in purge units, head pressure in these 
machines is less likely to give trouble than with reciprocating compressors. On 
most jobs it is common practice to run the purge unit before the main machine 
is started to insure ridding the machine of noncondensables. 

Surging in many centrifugals is normal, and there’s nothing to worry about 
except at low loads. At 10 to 20% of full load, surging can cause compressor to 
overheat, raising bearing temperature. So don’t operate continuously under these 
conditions without getting advice from the manufacturer. 

Absorption, steam-jet, With both these types, steam supply is extremely 
important because without it no refrigerating effect can be produced. So be sure 
you always have enough steam at pressure the unit requires. 


POWER wishes to thank the many refrigeration-equipment manufacturers who 
offered advice and criticism during preparation of this report. 
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